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FOREWORD

This report was prepared by Braddock, Dunn and McDonald, Inc.,
5301 Central Avenue NE, Suite 1717, Albuquerque, NM 87108 as part
: ot study contract F30602-73-C-0318, Job Order No. 55730644, ex-
! tending from 31 May to 31 December 1973. The BDM report number

is BDM/A-1-74-TR.
Mr. William Quinn has served as the RADC technical coordinator,

providing important guidance throughout the study. BDM contribu-
tors to the report were Mr. D. T. Bailey, Mr. T. H. Lehnan, Dr.

K. 5. Kuaz, and Dr. J. S. Yu.
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ABSTRACT

This effott represents a first atteopt st combining the two
separate technologies of explos{ve llux compression and Hlertszian
generation for the purpose of obtalning ultra-high energy pulses
at microwave freaquencies. A numbe: of interesting concepts were
analyzed and three were selected by the contractor as most de-
serving of future attention. It 1is hoped that this report will
stimulate further imaginative and creative thought in this direc-
tion leading eventually to a successful technique for accomplish-

ing the aforementioned goal.
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Pre.ject: £573

Coi tract MNo° £30602-73-C-nNN8

Ef ort Title: CHEMICAL REACTION
HERTZIAN GEMERATOR

Cotractor: Braddoek ,Dunn & McDonald
-~ 1st Natlonal Bank Rldq
Alhuquerque, N4 B7108

Hertzlan generators in qeneral exhibit -imnle, reliable, low cost,
mlcrovave canability at high nower and very :hort rulse duration {eg. ten
rf cycles). Exnlosive flux comnression technology over the nast fev
years has demonstrated meqaqauss and megamne-e outnruts in relatively simnle,
re:fable. low cost devices. A marrisge of the two technologies for the
ru-nose of generating intense bursts of micr niave cnergy annears inevitable.
Th s affort renresents a first steo in this idiraction,

All known conceivable technical schemes were analyzed, even {f some-
whit brlefly, and cateqorized according to n-obable nrobablility of success.
Th-ee anproaches were selected by the contractor as beina worthy of further

cosideration. At this point it is nrobably wise to keen an onen mind {.2,
jt is antirely nossible that modiflcations to remave the ohjectionahle asnects
of any of the schemes studied cauld lead to 1 nractical device.

This effort is nart of RADC Technology “lan TPAS,

Nl C-Jio
UILLIAN €. OUINN 7~

RADC/0CTP




CHEMICAL REACTION MERTZIAN GENERATOR FINAL REPORY

SECTION |

|NTRODUCT | ON

4 Chemical reactions can release large amounts of energy from a given
.i mass Ih comparison to conventional storage devices such as capacitors,

Explosives have been used in magnetic flux compression devices to convert
a part of this chemical energy into megagauss fields with an energy content

i
£ above | MJ. The ability to convert an apprecliable fraction of the c¢le¢’
?7 _ magnetic energy stored in this field into a radiating field at microwav
3 frequencies would result in a compact, nigh powar source of mlcrowave

:

energy. Currently avallable devices cf this type cannat convert a signif-

? icant amount of the stored energy into microwave radiation; othef methods
E- . are needed to obtain significant microwave output, For this reaason then, @
i study was initiated by the Rome Alr Development Center to establish

g the feasibility of obtaining appreciable microwave energy frem a
chemical source by alternate methods, Among the methods identified
for analysis were ''frozen wave' devices, moving mirror techniques,
¥ ' and the explosive depolarization of a ferroalectric.

The remainder of this section contalns a background,

Section Il is a synopsis of study conducted, Representative
solutions are presented along with the study approach., The section
ends with a summary statemant about the results of the study.

.
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The detailed technical analysis follows, Section |1l contains a

preliminary analysis of the davices that were considered as possibliities,
in Section (V,modifications to the Rome Air Development Center dasign
This was done because of clectrical breakdown

requirements are made,
Those cevices in Section 11l found promising are analyzed

Device capabiiities ere determined for

limitations,
in greater depth in Section V,
specific design conflgurations,

okl Rgn o i g ke el

The report congludes with Section VI, CONCLUSIONS AND RECOMMENDAT)ONS,

BACKGROUND

Superior Storage Capabilitles of Chemical Sources

g a.

A chemical source of enargy such as TNT provides a vary large
amount of energy from a vary compact source of light weight in comparison
to conventional alectric stcorage devices such as a capacitor bank, This

&
: : polut can be {llustratad more explicitly by considering the mass required
The

to store one megajoula of energy In various storage devices,

nominal figures arc:

) lohkg -~ high performance capacitor bank

<

(2) 2kg -~ battery

o
(3) 2x10 kg - TNT

5 g i N B A b

Availability of High Enargy Explosive Flux Compression Generators

At the present time, numerous groups have produced qnd are
experimenting with explosive flux compression generators. They include Sandia

Laboratories, Los Alamos Scientific Laboratorlest and the Frascati

.

Institute In ltaly,




Typically, the devices in use at these isboratoriss use onplo¥

sives to compress a small initial maynetic fleld inslde & cylinder of

e, mp’d-..w Ly

* high permeability and conductivity material (stainless steel, for example).
: This in turn, in some of the desiyns, has produced field strenyths as high as
3 negagauss or more with an enerqgy content of as much as several megajoules,
f; In some of the devices, the Sandia gensrators in particula~, this snergy

{s used to produce an intense¢ currant of severa! mega-amperas.

Two devices, one from Sandla and one from Los Alamos, are
fairly representative and their configuration and performance is discussed

R T T A e

below,

Sandia Type 169 Gererator

(1)

(a)

Confliguration
HEL!CAL WINDING
=

HiGH EXPLOSIVE

W2 dna . R

TO EXTERNAL
LOAD INDUCTANCE

CURRENT DIRECTION

0 # Gupal

Principle of Operation

(b)

Refererce (1) describes the device's operation as

follows:

“A starting current, I° (Injected by a cnpacitor bark),

produces a magnetic field between the coll and the armature; the
armature is then expanded by detonating the exolosive simulta=-
neously at both ends, The amf resulting from the armature mot'on
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causes the current in the generator to increase and, under

normal conditions, the current will continue to incresse until

the armetura reaches the connection point to the extarnal load
inductance. At this palnt, the gencrator has completed Its
operation, the result being that a current of several mega-amperes
has been Jdelivered to the load,"

(¢) Performance Parametars

(1) Risetima (10% - 90%) - 45 usec
(2) Current peak - 6,5 = 7.0 MA
{3) Energy delivered - 1,5 MJ

(&) Explosive weight = 17 lbs

(5) Efficlency - 4%

2

(6) -di/dt - > 4.0 x 10'% A/sec

(2) Los Alamos Generator

(a) Configuration

Dual bellows arrangement with coil pickup in second bellows.

Explosive

st

nd

27" Bellows Coil 1°" Bellows

(=4

Dy




(b) Principle of Operation

Pickup coll

Two stage explosive magnetic flux compression,
converts time varying fleld into output current,

Performance Parameters

(1) Risetime (10% - 90%) -~ 3 us

(2) voltage Output - 105 volts (~ constant voltage source)

B - AN S
e o Rt s o o0 T,

Current Capabilities - kiloampere range for loads used
at LASL, ~ {3 uH.

(3)

2. MICROWAVE PRODUCTION FROM A CHEMICAL SOURCE

- a. Rationale

A chemical generator takes the stored energy of a high

: explosive and releases It by detonating this explosive. A poertion of this

5' : energy is used to impart kinetic energy to the '[iner' which in turn
compresses the initial field. This yields a higher field strength and,
hence, higher energy content of the field. The energy in the field is
obtained from the kinctic energy of the liner which is doing work in

compressing the fleld,

Vhile fairly inefficient, an efficiency of a few percent In practice,
the large chemical energy In the explosives i's enough to result in as much
as | MJ or more energy, stored in the electromagnetic field. |f the electro=

magnetic energy or an appreciable fraction of it, could be made to
taoke the form of a radiating fleld in the microwave region, a compact,
extremely high power source of microwave energy would be made available,

1-5



b. RADC Requirements

For this study feasibility was to be determined with respect to »
set of criteria established by the Rome Air Development Center (RADC). A
device meeting these criteria would be an extremely powerful, compact source

of microwave energy. The criteria are:

(1) Power 2 10'% watts.

frequency 2 1 GHz,

(2)

Pulse Duration 2 10 cycles,

(3)

Portable ~ for example, could be aircraft borne,

()

(5}  Repetition Rate - single shot to one pulse per

second,

(6) Implied Requirement, Energy Content - requirements (1), (2),
and (3) imply an energy content = 10" joules.

UNSUITABILITY OF CHEMICAL GENERATOR ALONE

a. Device Configuration

A Sandia type generator of nominal characteristlcs is used to
This device configuration is characteristic

¢ feed a single loop antenna,
of the methods that could be used to obtain microwave energy directly

é from a chemical generator. Other generator types could be employed, but :
g the results would be similar. Nominal values for the device performance i
} will be employed and it will be assumed that the antenna load is well

é matched to the generator.

v
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: This configuration, both without and with an ideallzed pesking

1 ? circuit, and with the pulss '‘chopped" into half a square wave is examined.

;; : The peaking circuit is designed to transfer the current output from a ‘

! primary path to a secondary path., Treating the generator as a time ;
varying inductance, anc: the antenna as an inductive load, this can be

: represented as ‘
: a=n_

!
)
D

where d; is the generator inductance, z, the antenna inductance, F Is a

fast blow fuse that sends a voltage pulse out that triggers D, a :
dielectric switch, transferring the current from the primary path with the ;

- me il

fuse to the secondary path with the antenna.

The effect of the peaking clrcuit, if properly timed, [s to

chop the current output to the antenna so that instead of the antenna
seeing the slow current buildup characteristic of the chemical generator,

it receives a current that quickly rises to the peak current value, then

; : decays as before. Real values for the risetime with a peaking circuit are
| 1 on the order of | usec as opposed to the |0 usec characteristic of the
; generator itself, An idealized peaking circuit would have zero

risetime and would affect the transfer at the moment of maximum current

flow through the primary slde.

o U W e 4ok B Y



b. Spectral Output at 1 GHz

(1) Without Peaking Circuit

A nominal chemical generator will have a 10 usec risetime

(10 percent - 90 percent} to reach a current peak of 5x10° amps Intc an
inductive load of ~ 80 nH with a resulting energy maximum of E = %fxlz =

l.OOxlO6 joules, The current growth Is exponential for most of the growsh
The overall time behavior, graphically displayed, is

_; period.

o : '

t End of Experiméntal Data:
N

\\ Lossless Behavior,
‘Must be Symmetric

Treating the ideallized lossless time behavior, the energy

of the fields inslde the device as a function of time Is

2
g(t) = 0 sechg=w= i *-(-77—’-—-—-:!—77—7 ’
° *:' o "Te/T, “Te7T,

e + e

where U° is the maximum energy of the fleld and T° = 2,17 usec, T° Is
determined from the fact that the energy increases by a factor of 81 In

10 usec.

Ty R Wk, Ay G Wy it @
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where 6 (w) = U°T° sech -!3 .
g , S 4 {
S The largest component {s at w = 0, At | GHz, the ratio of anplltudg§.?§‘&£§*‘ P
% lech(uTQIZ)
§ R -—;EEFjr—-
iﬁ - sechw0l09 s.cflg!.l?xlo-ssgc
: =T
; \ '
§= = sech 0.68x10
- ) a4 i
4 ;

Therefore,

o R, T S e

b -
R =2 xe 0.68x10" _ 2x10 2,940

vine

PR

and the energy content at | GHz i{s insignificant,

(2) With ldealized Paaking Circuit

An ideallzed peaking circuit, properly timed so that th._
current peak is transferred to the secondary side instantly, ylelds a
current through the antenna that looks “like the following:

1 en e
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The anerg\; time behavior car be described by
f(t) = g(t) ult)

where g(t) is the same time behavior as-given for the configuration
without the peaking circuit and u(t) is the Heaviside functlon.

The Fourler transform Is

Glw) = i;j g(t) e 1oty
o

\ f t =Twt
- U sech [=—]e dw
k13 o © (To)
VT -
%' 8(l hnTo)
2w 2 ‘

=T, {3 LA IEE
“Ix "\ -5 Y\

where 8 is the incomplete beta function and ¥ Is Euler's psi function

1-10
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For large arguments ¥(X) = %Y

G( ) = uoTo b N 4
. B |73 - T, LICR N

While for w = 0

u_T
6(0)s =

The ratio, R, of G(w = 2n x 109) to G(0) is

9
6(2n x107) | 1
R--LT- >
) G "(NTO)Z b x IOa

This is a considerable Improvement over the unpeaked output, but still
represents insignificant | GHz output,

(3) oOutput "Chopped" to Look Like a Half Square Wave

If the ldeallized peaking circuit were augmented with an
infinitely fast opening switch in sarles with the dielectric switch on
the secondary side, then the current to the antenna could be made to

resemble a half square wave, that is

e e LA Nl Bl 5 s 4L B
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Parsival's theorem states that the enargy represented In
this square pulse with respect to the energy of the whole pulse [s glven

by the ratio R, where

R e
e [0t a:l[ flo) dt

-tolz
t°/2

- f sech ({:)dt E sech ({;)dt

-tolz

o (o ()




.' % é
¥
E The Fourier decomposition of a square wave ylalds
i Sin (wt_,,)
f )+ Tl
H o/2
} : :
j If the spectrum is not to fall off at w = 21 x 107, t_ must be less than ‘
s -9 L '

= 10 ¥ sec. For t,=gns
£ %x 1072 i
: R = -6
® + 2.17 x 10

- - 0.734 x 107,
; If the whole pulse contained IO6 joules, a typical value, then the square

: : pulse contains 73.4 joules, Further, only a fraction of this energy Ils In

a,fr : the spectral region about | GHz. |In particular, this fraction Is gliven for

i % the frequency band of | GHz to 2 GHz by
bn x 10° - ,

g 2 §Flw)du Flw)do
g E
4 5
2n x 10° -
; T X 109 ®
: sin (wt_,,)

.2 o/2” . sin (uto/Z) "

t —Tt_,T
o “tor) “Yora
amx10? [ ¥
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2(%0)5‘(:;&) 4n x 10°

e,

o Si@n o si) (L

where Si is the sin integral. As & resuit only ~ 18 joules from | - 2 GHz
Is produced,

2n X 109

c. Conclusions

It can be concluded that the spectral output of the chemical generator
by itself, without peaking circuits, is effectively zero about 1 GHz, Nor
does a peakirg circuit help sufficientiy. The same is true for chopping

the output to form a nquare pulse. Other methods must be employed to obtain

the desired output of lOk Joules in the vicinity of 1 GMz.
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GENERAL DISCUSSION

a., Purpose of Study

L L LR

The fact that the currently available chamical genarators cammds
produce significant output at microwave frequencies mativated this study.
The purpose of the study was to find methods of converting the high onqﬁ!y=
% output of chemical generators to the required frequency while mllntalnlﬁi"
3 a significant energy level as well as to explore novel chemica! generater.

concepts that might directly produce a high energy | GHz output.

. e»
+

b. Regresentatlvc Soiutions

(1) intermediate Device for Frequency Conversian

[ T IR

One broad approach to obtaining high frequencies and
energias Is to tre;t the chemical generator as a source of electrical
energy that can be stored In an intermediate device. This Intermndlq}d

device can be composad of storage elements of one-half wavelength at
1 GHz, In this fashion, the intermediate device is '‘tuned" to a | GHz

: resonance. Fast acting switches release the stored energy from the devlce

and 1t will radiate most strongly at | GHz,

An example of this approach is the frozen E-field device,

. it consists of a segmented transmission linse in which electrical energy
Is stored capacitively in alternating polarity from segment to segment.
A detalied treatment of this device can be found in Reference (2).

Graphically, It looks 1llke



4

by

The gaps between segments can be clused using a spark gap arrangement,

The stored energy is then allowed to propagate, Provided the switches

are fast snough not to degrade the waveform, the square waveform will be

preserved, |f the device Iis air filled and the segments are of length

IS cm, the first harmonic of this waveform will be at | GHz,

SN P e e L

Two general features of this approach are

(1) Reasonant elements. 2

(2) Nonlinear operation (i.e,, switching).

The first feature determines the frequency of operation, The second
allows the frequency conversion to take place. Any devige using only
linear elements will not result in frequency conversion. For a
conventional chemica! genarator Jsing an intarmediate device to produce
enhanced output at | GHz, the intermediate device must employ nonlinear
elements, Further, as seen in Section |, the use ot a nonlinear device

alone, in this case to peak the current output, does not provide sufficlent
frequency conversion,

{2) Novel Devices

An example of a novel approach is what will be called the
ferroelectric device in a later section. The basic feature of interest

for this device is the use of very thin sheets of 3.7103. a ferroelectric.

v - " . 0 ~ . '
b e i an iars A Y et a et

See Appendix D for the formal definicion of the first harmonic.
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They are assumed to be polarized, The enargy in the polarized field can be
released by the use of explosive. to depolarize the material, Tha very
thinness of the sheets (~6 x 10 4 cm), and the explosive velucitiet

involved (~.3 =.5 :m/psec), insurc that the process will take place in
approximately | ns,

It is the very short tihe’of'opefaflod that allows the
system to produce appreclable encrgy at | GHz, In effect, the dimensions
of a conventional generator are scaled down suffiziently, while the explosive
velocities remain constant, yielding a very fast peaking pulse, A Fourler
decomposition of such a pulse, just as for the half square wave, yields
appreciable output about | GHz if the pulse peaks quickly enough., This
approach Is considered novel in that a variation in generator configuration
is used instead of an Intermediate device.

2, STUDY APPROACH

The study was conducted in four stages as discussed below,

a. Literature Survey

This provided:

(1) Theoretical background,

{?) Uesign parameters of various concepts,

Novel approaches.

Extonsive bibliography.




Conceptual Design and Analysis
The work parformed at this stoge consisted of:
- (1) Cataloging possible devices,
| (2) Preliminery device avaluation,

(3) Selection of most promising device types.
%fi ¢. In=Oepth Anaiysis

This last technical stags was an in-~depth study of the promising
devices, |t provided:

ey v

(1) Formulation of gesneral design restrictions.

{2) Modified design requirements arising from design restrictions.
{3) Datailed model configuration of promising device types.

(A) in-depth analysis of these detalled configurations.

d. Documentation

This report constitutes the documentation of this study, |t
contains:

(1) Davices designed and analyzed,

(2) Modified design requirements,

"
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(3) 4n-depth analysis of promising device types.

{4) cConclusions and recommendations.

(5) 8ibliography.

3.  SUMMARY STATEMENT

The results and conclusions of this study can be briefly summarized ' E
The technical basis for these statements is contained in the sub- ' 3

hcfa.
sequent sections on devices designed and analyzed and in-depth analyses

More detailed conclusions and recommendations are

f: of promising devices.
contained in the final section on conclusions and recommendations,

in summary:
2

(1) oniy IOlo watts or less at | GHz can be delivered froma I m

aperture antenna at altitudes of ~S km or greater because ; 2

of breakdown phanonema.

A frozen E-field device using SF6 at 100 atmospheres and | cm
gaps fired by a UV laser can store 460 joules of energy, deliv-~
ering up to 230 joules at 1 GHz for a power level of 2,3 a lOl

watts,

Storage volume dimensions, 150 cm x 1/2 cm x 2.6 em and jitter
as low as 0.1 ns, allow the use of muitiple E-field devices
working in parallel to produce much higher energy output,

Other promising device types, the coaxial frozen B-field device
and the ferroslectric device, have lower efficiency and storage
capacity along with switching diffizulties and fabrication

problems respectively,

1




(5) Further investigation of the power limitations set by break-
down phenonema at altitudes above ~ 5 km are needed to more
accurately set these limitations.

Further investigation of nonlinear devices and novel devices
1s needed. Only a fraction of the possibilities that might
be feasible have been examined In the relatively short time
span of this report.

5 it ot T i Pl N o8
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SECTION 101

b b

L - DEVICES DESIGNED AND ANALYZED

1. FROZEN E-FIELD DEVICE

o N AT 0

a. Configuration

The frozen E-fleld device under consideration is configured as
a segmented transmission line as follows,

.
VA /L /
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3

:

3 The upper plate .5 segmented intc 10 elements with a separation or gap'E;A
? Each plate is of length L, width W, and is separated from the bottom

B strip by distance D.

b. Principle of Operation

D!

Alternate plates are oppositely charged establishing a static
E-field that is approximately represented spatially by a square wave with
periodicity 2 L and amplitude 2 Eo' Switches, typically spark gaps for
fast switching times and high power capacity, are used to simultaneov§ly

At/ 8 A i

short the plate elements together. The charge is no longer constralned;";TTazft




current fiow, thereby supporting a now propagating electromagnetic field.
This is referred to as “unfreezing' the 'frozen' field. The device now
acts as a transmission line allowing all of the stored energy to propagate.
A more detailed analysis of the cnalogous process for a frozen B-fleld
device is contained in Sectlon 111, 2, a (2).

¢. Traveling MWave Degggggsltlon

The propagating field can he represented by two square waves
of amplitude Eo and period 2 L traveling in opposite directions down the
transmission line. These two waves at t = 0, when the device Is swltched,
must have identical spatial distribution of their E-field, so that thelr
superpoéition ylelds the frozen E-field distritution. The B-fields
assoclated with each traveling wave exactly cancel at this time, since
each is in quadrature with identical gE-fields; only one is n/2 advanced
and the other n/2 retarded. This is illustrated as follows:
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d. Further Operational Details

One end of the strip line is loaded to an antenna structure

B R I AL

with the proper impadance match so that the traveling wave directed
toward the antenna leaves the device with none of the wave reflected. %
The other end is shortad between upper and lower strips, forming a i
totally reflective end that reflects the other traveling wave and sends :
it down the device right bshind the first traveling wave, Thus, the

static E-field with extent 10 L and amplitude 2 Eo is converted into a

traveling electromagnetic wave of length 20 L and amplli tude Eo.

For | GHz operation with the fundamental of the square wave

pulse, the wavelength, A = 2 L, must be set to

; - A [
L= 7 =3
® |5 ¢em

for an air filled device.

Thus, the length of a plate determines the frequency of operation of the
device. It can alco be seen that the selection of 10 segments or elements
with a reflecting end yields a pulse 10 cycles (at | GHz) In duration.

Without the reflecting end, 20 elements would be needed.

e, Design Considerations

(1) Switching Requirements

It has been tacitly assumed in the previous discussion
that the switches do not degrade the performance of the device. For
this to be nearly true, the switches should meet the following criteria:

B RN TP Tt
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\i) Switch closure, t
= 1/ ns).

er In 174 cycle or less (at 1 GHz,

g

.i {2) Switch synchronization, oo 17k cycle or less (at |

g GHz, t = 1/4 ns).

B These criteria are based on the fact that there is little spectral

;i content in a waveform above a fraquency given by f = l/tr,where t. {s the
E risetime which is equivalent to tc,and on the fact that, viewlng each

; element as an individual radlator, more than 1/b4 cycle phase difference

;E between elements results in excessive incoherence with a resulting

2 ; reduction in power. Reference (2) provides a more extensive treatment of
3 these criteria.

i

% (2) Breakdown Limitations

3

4 There are two time periods during which the frozen E-field
f device might experience breakdown;while it is charging and after it is

4 switched and the pulse is in the midst of exiting the device. Further, the
§ charging period should be treated two ways in order to account for the

-i two distinct ways in which energy can be introduced.

e

A

o HEAMD s i Wt 5

One way of charging the device is to slowly increase
the potential of the plates. In this case, breakdown is limited
to the static field limit, for example ~ 30,000 V/cm for dry air at one
atmosphere, The other way of charging is to very rapidly (say in 1 ns)
increase the potential to above the static field limit, 1f fast enough,

¥ the system can be overvolted (i.e., exceed the static breakdown field
3 strength) without breakdown occurring before the device can be deliberately

switched. In Appendix A this Is discussed In some detail,

There are actually two field strengths that must be
considered; the field within the gaps and the field between the two
strips, The larger of the two will cause breakdown first and thus

1ii=h




determine the maximum allowed fields throughout the device, In the next :
i

section on energy storage, it will be shown that, for maximum energy
This

R-cakoan Sacellc Y

o A

storage, the field strength in these two regions should be equal,

will be assumed to be the case and no further distinction will be made,

During the exit of the pulse, midway along the last

element on the reflective end, the device will be exposed to the full : ;
2 € field strength for 5 ns, while at the antenna end, the field strength : ;T
if the device is not to experience breakdown, the = i

. will be Eo for 10 ns,
; most difficult of these conditions must be met, namely the field strength

2 Eo, must not result in breakdown in 5 ns.

This is a more stringent requirement than the one for

: : rapid charging in which the field strength achieved at the moment the
device is switched may be so large that the breakdown lag time {s less

As a result, the limiting consideration is that breakdown
It will be assumed

. than | ns.
! : .

{ does not occur while the pulse exits the device,
that the charging rate is at least fast enough to provide this field

strength,

T R

Two examples of what this breakdown limitation implies can
For air at 1 atmosphere the field strength with a 5 ns break-

be given.
down lag time is found from Reference (4) to be

6

E(air, 1 atm) = 53,000 V/em = 5.3 x 10~ V/m.

For SF6 at 100 atmospheres, it is found to be

E(SF6' 100 atms) = 7,600,000 V/cm = 7,6 x 10% V/m,

= by g
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(3) Energy Storage Requirements

Consider a fixed potential + V to be on each plate
element given by

1
V'TEgd
where € is the field between the gap and is assumed to be uniform (this
can be accomp)ished using Rogowski configured gaps). The field between
the plates, Ep, Is then
E = V/D
4]

and ti.. stored energy of a single element, U, is then

Us %c £ 2 ap

1 2
= 3%, (v/0)° AD

V2 A/D
o

NA—-

where A is the plate element area. Therefore, if d is fixed and E is set equal
to the maxime field strength allowed from breakdown considerations, V
is a constant and U is maximized by minimizing D. However, D must not

get so small that Ep > Eg. As a result, 0 is 1/2 d for maximum U,

The design requirements of 1012 volts at | GHz for 10
cycles imply an energy content of the | GHz component of the square wave
of 10" joules, A Fourier decomposition of a square wave reveals that

the fundamental contains only one-half the total energy. Therefore, a

111-6
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total energy 2 of 2 x |o“ Joules must be stored In the statlc field

assuming that no losses occur because of such effects as finite switch

resistance wien the unfrozen pulse traverses the device. |If the losses

resulted in a triangular shaped output with the same peak amplitude as

for the square wave, then the first harmonic would have only ﬁ/nz as much
4

energy as in the first harmonic of the square wave. For there to be 10

joules at 1 GHz,~ 5 x IO“ joules would have to be stored.

Using SF6 at 100 atmospheres, the volume requlired to store
Note (that € = €y and that the total length
Then, considering all components

this energy can be calculated.,
§ of the device will then be 0L = 1.5 m,
; making up the square wave and assuming no losses

1
Volume = UTIT Cofpz

e 7.82 x l0-3m3.

This volume can be obtained using plates with W = {05 cmand d = 1 cm so
that D = 1/2 em. The value for ¢ is around the upper 1imit on what might

T Y P kIS U R eI, o)

possibly be switched,within the switching requirements using a UV laser,
according to Bittis and Guenther (Reference(3)) provided an optical system

ira - of pwis o g

were used to illuminate all of the gap at the same time.

f.

Conclusions

This device type appears promising, however, the need for high

energy storage capabilities and fast, coherzcnt switching are conflicting,
Whether this conflict car be resolved while meeting design requirements
will be examined in the in-Depth Analysis of Promising Devices, Section




FROZEN B-FIELD DEVICES

Slotted Frozen B-fleld Device

(1) Configuration

The device under consideration has the following configuration.

Ap?

LA .. O
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It is composed of 10 individual cylinders or elements, each of which is
separated from its neighbors by a gap of size b and each alement has an
axial sloc of width ¢c. An element is d long and a in inner radius with
wall thickness e. A set of transmission |lines connected to a common chem-
ical generatcr feeds current to each cylinder of the apparatus. The trans-
mission lines are connected to each slol as shown below.

Chemical
Generator

E
i :
3
1
1
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i
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The feed lines from the chemical generator o the transmission lines are
alternately revarsed to geansrate B-fields of opposite sanse in the cyline

s

ders.

(2) Principle of Operation : E.

The current from the chemical generator forces an azimuthal
current |, around the cylinders. This current then produces an Hz within
the cylinders which represents stored energy. The cylindars are separated

hy the gaps to insure azimuthal current flow. . b

For this stored energy to be radiated, current and charge 3
distributions must be free to flow to support a propagating fleld. It ﬁ
is this freeing of charge and current distribution that represents the :
“unfreezing' of the stered energy which is determined by a static or
near static disctribution and, hence, referred to as a ''frozen wave.'

A more agetalled enalysis of these statements can be made by
considering a TE“ mode propagating down a cylinder whose dimensions are
such that the wave will propagate. The nocn-zero fields are

————

Hz - C' Jl (y“r) cos oui(mt-kz)

X
L]

=i (kC‘/h) J" (y”r) cos ¢ ei(wt-kz)
" ;

x
«

T, M) o) (YU L gin g of (utoka)
¢ ! 1 A :

™m
L]

(wu/k) N¢

g, = ~(an/k) W,

where Cl Is @ constant, Jl is the first order Bessel function, 1 is the

4
first root of Jl , w is the freguency, k is the wave number, a is the

cylinder radius and h = yl'/a.
1t=-9
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Looking down ths axis near a smal] segment of the cylinder wall the
flelds appear as

n

l

¢ -‘----(:) 2z

777777707777777

since E0 =H = 0 at the surface,

There will be a surface current JSO flowing in the ¢ direction; and¢
related to the magnetic field strength by the vector relation Js = nxH,
which in this case becomas Jso ~ -Hz. A surface charge density

appears on the surface, the value of which s gliven by G Dr - ¢ Er'

Since Hz and Er' along with the other fields, propagate down the guide,

so must the curreat and charge distribution.

The current distribution can propagate down the gulde
even if there are gaps such as in the slotted B-fleld device. This is
because of displacement current across the gap to the next element,
However, there must be a conducting bridge between elements for a
ohysical charge to flow, hence, the slotted B-field device with gaps
would not support a TEII mode.,

For a TE01 mode there are no tangential E-flelds at the
surface, as is true for all modes. Further, there is no radial E-field.
Thus, no charae distributions are reguired by the TEOI mode and the
slotted B-field device with gaps would support this mode.

To unfreeze thr stored energy in this device then requires.

that the cylinder slots be closed removing the chemical generator from

the circuit and thus remcving the constraints on the current distribution.

=190
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With the current distributlion unfrozen, the TEN mode could propagate.
If the gaps were also shorted, then the charge dlstribution would also

be unfrozen and thu other modes could propagate.

Unfreezing the current and/or charge distribution allows the frozen
field to propagats, However, it does not determine how much of the fleld
will propagate.

The amount that propagates is determined by the value of thz,
the transverse gradient of H . v, determines € and B, which {n turn
determine how large a Poynting vector, Sz. there is down the guide, If

VM, = O

then Et - Bt = Sz = 0 and no energy propagates down the guide.

There are two ways to cbtain V.H ¢ 0. First consider the static
case which takes account of the finite length of the cylinders. The H fleld
for | = constant will diverge as it leaves the cylinder and‘thz ¥ 0 over
most of the cylinder. However, at the middle of the length of the cylinder,
the field will still be uniform and V}Hz = 0 across the cylinder at this
point. Consequently, Bt and Et = 0 for this surface and no net energy flows.

rrie ‘OxIO|2 A/sec

for | usec as provided by 8 Sandia current generctor using a dielectric fuse.

Second consider the dynamic case. Let l¢ = Kt, K= :'

Assuming a symmetric decay, this can be decomposed into sinusoidal current

components.

The largest component wiil be

C | cos t
o0 Y
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whare C° - ug - /1 usec o f’ - f% - %»x Io6 H2
|° = 4§ MA,

Since fs << | GHZ, the wavelength will te large compared to the
cylinder's dimensions. Thus a uniform current distribution is set
up around the cylinder that varies as sin wt, This results, ignoring

fringing, in an internal field that Qoes as J)(“s r).
c

1
(3) Modal Decomposition

Assuming that the current and/or charge distributlions have
unfrozen, it remains to decompose the field into the allowed modes. The
fileld (the instant after unfreazing) that may now propagate has the same
configuration as the static field just befcre unfreez!ng, provided losses
are small during the switching. Taking this to be the case, the field
can now be decomposad; first, axially Into sinusoidally varying terms,
then, transversely into the Bessel functions corresponding to the allowed

modes.

The length of the cylinders imposes axial periodicity on
the system. The fisld Hz. sssumed uniform along z within each cylinder
but alternating in sense, can be written as

. 4 | Nng
H, Hir,¢) T 2 ry sin-d—.

N = ‘.3'5'-00

The modal decomposition performed here and in subsequent sections makes
use of sinusoldally varying functions in the axial decomposition that
are of finite extent, That is, the sinusoidal functions are set to zero
outside the device or beyond the extent of the pulse ejected from the
device, depending on the case being treated. This Is the same type of
decomposition performed on a vibrating string of finite length fixed at
the endpoints., See Appendix D for a detailed discussion,

111-12
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The allowed sinusoidal waves have

N
kz‘ 'd-"L'N"|3.5'."

The transverse field H(r,4) can next be decomposed,

Since Ez = (, only TE modes need be considered. The
boundary conditions require that J‘n(ynm) = ¢ at the cylinder's surface.
The radial field dependence must be expressed in terms of a modified
Fourier-Bessel series. The azimuthal dependence need not be considered

since there is no ¢ variation in the field.

An arbitrary function f(r) can be expanded on the interval

0 <r<ainamodified Fourier-Bessel series as

Fr) = E:‘ An dn Wom 7205
. th dJ_ (r)
where Yam 'S the m™" root of -{}~—-— a (b and the coefficients
r r=3
Am are given by,
a
2
A = 2 - n2 2 £(r) r 3 (y_ r/a) dr.
m a (l _rl_j 3.2 vpm) n nm
Yam?2 ]

Since H(r,¢) = H(r) (f.e., does not depend on ¢) it can be expanded as

tii-13
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H(r) = Z o Yo (yom r/a)
= |

where a

2
W 37 / H(r) r I (yom r/a) dr

2
m a JO(Yom) o

Note that if H(r) is assumed constant with value C or equiv-
alently VtHz = VrH(r) = (0, then the expansion becomes the trivial one that
H{r) = C Jo (yoor) = CJO(O) s C,

Setting

H(r) = co Io Jo(wslc)

——

d
a
2 Co lO/d w , Yon" 4
Hox 7 v 22 Yo\ /% \T ) "9
m alJd (y. )
o'Tom o

The largest Hm will be H' for those modes that propagate.

a
2C 1 /d wr N
o o J S J 01
e st | () () e

; f e
o b2 1 ()]

1 "'23—'8-11'1'7 dr
"'2"5'6’(75) 2

e ]
where « = 2 C_ lo/d a‘ (.h03)2.
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where Ho - Iold .

Note that the larger a ls, the better the efflciency of the TEOI mode,
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(8) Geometry for ) GHz Operation of TE, Mode

x and w are related by

kz - gl - [%2uc -(ynm
a

1/2

Solving for d

f =

\

)
. nm
e ® » W T Jue (T)

(¢ denotes cutoff frequency)

For the TEO! mode, require f = 1 GHz and fc < } GRz. Further, if d is not
to be excessive, fc must be appreciably smaller than f. To make fc
smaller, since Yo is fixed, a is required to be larger. Larger a is
desirable since it makes H‘ larger. It also increasec the volume in which

energy can be stored.

Let f =\ﬁrfc = 1 Gz so that fc = ,707 GHz and let the

cylinder be air filled so that 1/VEE = c. Considering only the sin
nz/d component axlally with N = 1, then

c 3xl0]° cm/sec

ds= -——f—- .——————-g—- = 2‘.2C|‘|
2 ¢ 2 + 707x10°/sec

=16
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This represents an acceptable geometry that will result in a TEm J
mode propagating above cutoff at a frequency of 1 GHz, “
(5) Radiation Efficiency
The magnitude of the field in the TEm mode, represented ‘by
H' can now be evaluated,
10° 2 '
Hy = (=322 ) (5 )
L H
' 3x10'0 2 o
= .53x1078 u
(<)
The ratio, R,of energy radiated by the TEOI mode to the total energy stcred .

goes as

- 2
R [S[HIJo(yo) r/a) sin % dv]/[jHozdv]

]
C "3 Q0
~N
C ™™

[-)
2
[.,l ), (281 i _d_] Cdrd e e
o]

—

HOZ ﬂa2 d
e 2 2 a
= (5310 6) H, x %'d x 2n Kf Joz (3.23 r) r dz
o
H z nazd

Q




T

2
. Lsae®y
2 6]

2 (3.83)
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This represents an extremely low efficiency,

(6) Conclusions

For higher modes namely TEon’ n=2,3, 4 .- the relation
between k and w can be solved using the values of a and d selected for the
TEO]

the coefficients even lower.

mode. As can be seen, the frequency of propagation wili be higher and

{f the peaking time for the current were |02 faster, then
the ratio of energy radiated to energy stored would be lO8 times higher or
b x 10-6. In order to radiate the required Iob joules, a total enerqgy of
2.5 x 109 joules would have to be stored. At present, only l06 to at most
107 joules are available from an explosive current generator and switch
times only 10) times faster than the | usec time used are considered state-

of-the-art or beyond.

The explanation for these gross inefficiencies lies ir the
fact that H(r)=x constant, so that ¢, (chr/a) =C « 1 is the leading term in ‘
the expansion., Had the device been made superconducting, this term just
represents the static field resulting from the current that persists unchanged
around the elements, |If the device were not superconducting, the current would

be dissipated in joule heating,resulting in the rollapse of the associated field,

b. Coaxial Frozen B-Field Device

(1) Using Remote Switch

(a) Configuration

The device under consideration has the following can-

figuration when used with a remote switch,

11-18
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g It is shown here with four current elements instead of the 10 needed for
meeting the design requirements when one ena is reflective and the other
k : coupled to an antenna structure. This was for iliustrative purposes only,
- This design provides alternating current elements along the center conductor
'; ' of a coaxial transmission line. The currents are produced by a remote
; chemical current generator such as the Sandia type. They are fed to the
3 : cenctral conductor by transmission lines that are alternately reversed
:} to provide the current reversal. Each current element, namely | to 2,
’_2 2 to 3, etc., are equidistant along the transmission lines from a fast
o opening switch S at point 0 (i.e., to say dOI' the distance from the switch
i to point 1, equals dg, and so forth), .
# )
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(b} Principle of Operation

When S Is opened at t = 0, current on the right of the
open is reflected back up the line, while the current already past the open,

on the left, continues to the left; the reflected current cancels the
original current. The time behavior for the 012 loop is shown below
assuming no current losses on the lines:

Current Distribution with Switch Closed

—
1

at t =0
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Current Reversal on Coaxial Portlon of Loop

: (** > —
; | 2 1 2
d. . +d ,
at t = 0l 12 .

Y Y

o [
| —
;~

Current Reversal on Entire Loop

( )
_% d, +d, ,+d

i 0l 712702
- Pees e
- —

This behavior along the central conductor is represented
. by a square wave distribution of current that at time t = do‘/c splits into
two traveling waves going in opposite direciions along the central conduc~
tor. They travel over a segment or equivalently propagate in time for
e t = d|2/c, then stop for a time t = dOZ/c = dO‘/c and then the pattern
repeats itself. An observer placed just beyond the end of the device on

the side that feeds an attached antenna will see a current that varies in

M.

t-do—]._—LL_ t= 322- --d—ol- )
L"“"" c c T

12

ta ——

time as

Y T

-
(-3
~

“di
%
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(c) Modal Decomposition

This current distribution in time may be represented
by

}

2d = sin{s nnd, /D)

1(t) -ZI (v) '-b-'-al : sln-':z!- 12 12 sin At
- 0 o b= 5““d12/° .

where

Geometry considerations show that for S equidistant from the end points
of the coaxial current elements (10 in all for the actual devics)

dOI'—'JZ_lO 4,

thus,

o1 >> 912

s0 that

d. =D

0l
If the nth term provides the | GHz output, then
w, " nnc/D = 21 x 109

or

ne

D'W-HXISCI‘D.
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(d) Efficlency

s 15 ¢m

Efficiercy, cl'2

Let d12 = 15 cm, then

dgy= NTo'd‘zmu.z x 15 em

which implies

15,

The energvy content of the 15th harmonic, UIS
]

compared to the total energy, UT‘ is given by

0/¢

J; |";S(f) dt
UT " f57c

Jo | (f) dt

D/c

44 22 2 2 2/
12 o {sin l5n sin 1/2n sin |15t )y,
Y 2 \ 1/2¢n_ /. b/c

\,2
} o

.,
R Lol T

-« 5.35 x 1072,
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During a 10 ny perlod one cycle Is completed, l.e.,

I

L

Hence, only 1/10 of the power s transmitted in this time. The overall
efficiency is then 5.35 x 1073,

2 Efficiency, d ) " 1 cm

1

If, instead of this configuration, D = 1§ cm,

then n = | glves | GHz and d,, = | ecm, The energy content of the flrst

12
harmonic, U], compared to UT. is given by
D/¢
2
0, \l(t) dt

Us D/c \
1{t)" dt
° ( sin T 2(
2, 2,2 2 30 \
-(l! d|2 'O /D ) sin ﬂ/i) (—m'a'—J /2 D/C)
(?lzlc) | 2
o

2y 2
)] 15
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Since the whole pulse will exit in 10 ns, this is also the overall effl=

ciency. However, the device ls now only 10 d‘2 = |8 ¢cm long.

3 ! GHz Qutput Comparlson

The efficiency storage volume product, assuming equal
radii of inner and outer conductors and equal field strenqgths, is Jjust a

measure of the energy radiated at | GHz by the two configurations. Com~

parison of the d\, = | cm and d|, = 15 configuration yields Products of

T%-(O.IS m) versus (5,35 x 10-3) 1.5 m

N ‘ . .,
B T T SRR e SRRy S O T ]

2

.

2 x 10-2 versus 0.8 x 10~

There is little difference in the energy radiated by either device at 1 GHz,

(e) Breakdown Limltations

d]2 = | cm Device

Because of the relatively long duration tetween
hal f square waves, which allows an avalanche to Yquench,' it will be
assumed that breakdown must be caused by a single half square weve of

duration 3.3 x \O-2 ns. Hence, the breakdown lag time for the gas
filling the device must be 33 ps or greater, This detarminas the maxi=-

mum al lowed E-field after switching. From Reference (W)
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tiair, V atm, 33 ps) = 3.0 x IO7 V/m

E(SF6. 100 atm, 33 ps) = 1 x l09 V/im .

The value using SF6 at 100 atms in the cl‘2 =

1 ¢cm device is only slightly greater than that for the frozen E-field

device using SF6 at 100 atms. Thus, the energy density is only slightly

greater, Since the device requires a smaller volume than the frozen

E-field device and has an efficiency of 2/15, its energy output at 1 GHz

is approximately 1/50 the frozen £-field device output,

2 d = |5 cm Device

12

for tnis case, the breakdown lag time must be
equal toc or greater than the duration of a single half square wave, namely

0.5 ns. From Reference {4)
E(air, | atm, 0.5 ns) = 9.5 x IO6 V/m,

8

E(SF6, 100 atm, 0,5 ns) = 7.6 x 10" V/m,

The value using SF6 at 100 atms in the d]2 =
1% cm device is the same as for the frozen E-field device using SF6 at
100 atms. While this device is not reduced in size, its efficiency is
only .005 and, hence, it too is inferior to the frozen E~field device

in energy storage capabilities,

(f) Conclusion

The use of a single remote switch obviates any

switch synchronization problems, However, as a trade-off it has signifi=-
cantly fower efficiency or energy storage capabilities than the frozen

E-field devices.
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(2) uUsing Multiple Switches

(a) cConfiguration

A fast opening switch at all the end points of the axial
current elements would avoid the efficiency loss noted In the previous

subsection. These switches would have to meet the following requirements:
(1) Simultaneity in switching is 250 ps or better.
(2) Switch time duration is 250 ps or less,

(3) Thke switches result in only a minor per-

turbation to the device electrically.

it should be noted that these conditions appear to be virtually impossible
to meet now or in the near future. (See Reference (5)) Nonetheless, this
configuration, in theory, provides the most efficient operation. It also

provides the simplest configuration of this device for formal analysis
which follows,

(b) Principle of Operation

Assume that the device has switches at the erds of each
current element and that they meet the three requirements given above and
are loss free. Then the time behavior of the current on the central con-
ductor is that of two traveling square waves after the switches are thrown.
This is just the previous result for the remote switch with dOl = do2 = 0.

{c) Modal Decomposition

The static fleld at t = 0 given by the two traveling
waves superimposed, one on top of the other, must be formally decomposed
into the aliowed modes of the system. First it can be decomposed in the

axial direction. The square wave current |(z) can be decomposed as
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i 4 2 : 1 nmz
1(z) lo = = sin d]z . ‘
n-|’3’5'... .
The current 1(2) results in a field ;
= 1(z) ;
H(z) 2nr :

This field can also be decomposed axially as

4 :E : 1 . nmz
H(z) Ho Py n sin a-""z- R
n=1,3,5," "

)
o
where H = ——
o nr

Writing this in terms of traveling sine waves, H(z) becomes

TEET D D [s:nmzd;ﬁl + sin donz 'mt}].
iz

n=1,3,5 12

The axial components of H(z) should now be expanded
in terms of the allowed modes of the coaxial system. This expanslon Is
trivial since each axial component decomposes exactly into a TEM wave.
This follows from the fact that the H-field of a TEM mode is given b§

The E-fields of the two traveling waves with the same value of k have equal
and opposite values, and at the moment the static fleld is freed, the E-
fields of the two waves cancel. This holds for each pair of traveling sine

waves and explains why there is no E-fleld present in the static field.
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(d) Efficiency

The relation between w and k for each traveling sine
wave pair is

na
w=ck = ¢ =—.

12
For dl2 = 15 c¢cm, one must have n = | for the TEM mnde that propagates
out of the device at a frequency of | GHz, The ratio of the energy in
this mode to the total stored is given by

Half of the stored energy is propagated out of the device at the frequency
of interest and the efficiency is extremely high, The problem is to

develop an opening switch that meets the requirements,

{e) Design Consideration:

1 Multiple Switch Simultaneliiy Considerations

An example of switching difficulties is illus~
trated by considering explosively driven mechanical switches. Assume the
feed lines and the axial lines resting on the feed lines are finely
machined to a ]0-3 cm tolerance, Further assume that an explosively
driven plate impacts the axial )ine imparting a velocity on the order
of .3 - .5 cm/usec, The variation in swit:-hing times is the combined

tolerance divided by velocity, namely

111-30
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- ZxIQ-3 cm
.5 cm/usec

= 4 nanoseconds,
Thus, the simultaneity in switching times using mechanically obtainable

velocities is more than a factor of ten too long for machined tolerance
of IO"3 cm,

Electrically activated switches capabie of high

power loads are state-of-the-art or beyond at 100 ns for their switching
time (5).

2 Breakdown Limitations

Three distinct periods exist during which the
B-field device might arc. They are:

(1) The charging period where the nonzero
rate of current change, di/dt # 0,
results in a voltage given by £ di/dt,

(2) A quasistatic period where the current

is roughly constant, dl/dt = 0, and the
B-field is at a maximum.

(3) The period after the switches are thrown
and the stored energy is reieased and
propagates through the device as an

electromagnetic wave.
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To within an order of magnitude, the voltage

encountered for a single element during the charging period is given

approximately by taking the maximum current to be ~10° amperes, the rise- .
. 1 .
time to be ~1 ysec, so that di/dt =10 2 amps/sec, and the inductance to be

PRI

=100 nanohenries!. Then

di/dt = 10° volts

For element length L = 15 cm, the electric field strength is < 106 V/m.

Thus, it can be seen, using representative values for the coaxial frozen

B-field device and a risetime obtainable with the best peaking circuits

currently used, that this voltage Is below the breakdown strength of air

PR

and well below the breakdown strength of yases such as SF6. Hence, arcing

is not a problem during this period. ‘

The maximum B-field encountered in the next period ,

2y
I R

can be as high as several megagauss. Electrical breakdown is not

% associated with even such large B flelds. However, siructural integrity

S e e e

: 2 could be a problem because of the magnetic pressures generated by the field,

which at several megagauss, can destroy a steel cylinder. The device must

maintain its structural integrity for a time period of only a few micro-

seconds. Using thick walls for the cylinder, 1-2 centimeters, would insure

that the cylinder, while deforming, would remain unbroken for this time

period (6).

.. P .
i Ay et

After switching, the static B-field (amplitude

2 Bo) is transformed into two traveling waves just as in the frozen E-field

et o vatiof s

device, only in this case at the reflective end a field of amplitude 2 Bo 3

persists for 5 ns, while at the antenna end a field of amplitude Bo per-

sists for 10 ns. Since the E~fields are n auadrature to the B-fields,

12, S Aang A" 2

PNy

IThe approximate output and required inductive load of the Sandia type
generator with a peaking circuit was used to establish these values.
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an E-field amplitude of 2 Eo persists for 6 ns at the reflective end of
the device. Thus, the same breakdown limitations exist for the coaxial
frozen B-fleld device with multiple switches as do for the frozen E-fleld

device.

Energy Storage Requirements

{f the field within the coaxial B-field
device were uniform, then the storage volume requlired would be the same
as for the frozen E-field device. This follows because only as much energy
as can be transmitted without breakdown should be stored. Any additional
stored energy will result in breakdown and seriously degrade performance}
Since the coaxial device does not have a uniform field, a somewhat laréér

volume would berequired. The ratio is given by

2r b

'/; (5:-)2 rdodr

nib - 352

where b is the outer conductor radius and a the inner conductor radius.
For b = 2a

R=21n2=1.39,

Hence, the frazen coaxial B-field device with multiple switches has

siightly less storage capability than the frozen E-field device.

Frozen B-Fleld Devices: General Switching Considerations

A frozen B-field device relies on constant current distributions
that are switched to free the current and unfreeze the frozen 8-field.
Two different kinds of switches can be employed, those that close and
those that open. Three geometries that can be used are:
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A linear array of cylinders with a small gap between

(1)
This Is

; each one with the cviinders axially slotted,
’ the siotted frozen B~field device which acts as a wave-

quide with respect to propagating energy,

A linear array of cylinders with a small gap between

them. The cylinders support an axial current along

them, This device acts as a waveguide,

loops that

A linear array of cylinders with coaxial
This is the coaxial device,

carry the currents,
It acts as a transmission line,

P

For (1), the current flows azimuchally around the cylinders
The force between current ele-

. alternating direction between cylinders.
i ments of adjacent cylinders is repulsive and the current distribution

takes on a minimum energy configuration where all the forces are balanced.

Geometries (2) and (3) have the currents running in line and no force

i el

is generated,

Assume all the different configurations are made superconducting
The result of having no

s0 that ohmic losses need not be considered.
forces or balanced forces between current elements is that current Is

strictly conserved (i,e.,

e

PR,

7:3 =0

both before and after closing a switch). This implies that from the

equation of continuity for charge and current

3p

se . o,

t

PEL oy 5.
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Thus, with B = 0 initially (before switching), have D = 0 after switching,

This follows from Maxwell's equation
V.0 = bmp,

when no O-field is generatead (and in this case no E-field), the system
cannot raciate.

As an example consider the following system:

There are two current carrying superconducting loops with current flowing
in opposite directions. The rightmost side represents the generator and
the leftmost side the slotted B-field device while the switch represents
the slot that is closed when the device is switched. The current dis-
tribution has reached equilibrium when the switches are closed forming two

loops in place of each original loop. The current will now flow around
the two loops as

(@

- -
Note that V-J = 0 and in fact J = constant and that this Is unchanged by
switching.
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On the other hand, contcider any of the geometries in the super-
conducting state using opening switches. The result can be shown

diagrammatically in a simplified fashion using a single current lcop.

7 |

7

When the switches are open, the current osciliates along the segment L
as described in the treatment of the coaxial device. In this arrange-

ment, -7 # 0 so that s/t # 0 and a D-field is generated and radiation

results.

Had resistance been considered for ciosing switches, the ohmic
losses would have resulted in the characteristic exponential decay

of the B-field. This wculd have resulted in a D-field decaying in the same

e . . .
manner. Fforming T x W one finds that no power is radiated.

The conclusion is that only opening switches can lead to

radiation for any of the frczen B-field device configurations that
a constant current distribution that is switched.

FERROELECTRIC DEVICE

Introauction

Barium titanate, BaTiOB. a well known ferroelectric, has the

ST TORS St T et

needed energy storage capatilities, a physical transition mechanism
that takes the material from the polarized to the unpolarized state,
thereby releasing the stored energy, an1 a sufficiently short switching
time of the ferroelectric domains. There is still the problem of
achieving switching simultaniety and the problem of efficiently coupling
the device to an antenna,
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Energy Storage Capabilities

oo v gy
o
.

; At room temperature the spontanenus polarization, Ps‘ from .
Y Refereance (7) is ‘
; F’S = 78 x 105 esuy

»omgme

and the dielectric constant ¢ from Reference (8) is

RN & PR T

RP R

L

£~ 2000 € .
o

The stored energy/volume, U/V, In gaussian units, Is given by

2
L U/V-g‘?(% +uH2>

D= ¢tk =€ + 4aP

= LnP, when £ = 0.

U/V=2 joules/em’.

This implies for IOL' Jjoules of stored energy

V= .5x 10" om’, .
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C. Transition

BaTlO3 undergoes a state change from ferroelectric ~ paraelectric

(no spontaneous polarization) at a transition temperature Tt = 3900 K.
As & function of pressure (Reference (9)) the change in transition temperature

is qiven by

th/dp = =4,0° to =6.7° K/kbar.

To reduce Tt to room temperature,-~-3000 K, and thereby induce the ferro-

electric » paraelectric transition, requires an overpressure Ap of no more
than

AT/]dT/dp|

>
©
.

90° K/ _ﬁii
bar

T

22.5 kbar

Thus, explosives which are capable of producing pressures on the arder
of 100 kbar are more than capable of depnlarizing BaTiO0

3

d. Switching Times (References (7) and (8))

Using a field of E = 100 kV/cm and a sample 0,1 mm thick, a
switching time of 10 nsec has been cbtained. This time, ts’ is defined
as the time necessary for the current output from a ferroelectric that
is depolarized by a current pulse to dron by 95 percent of its maximum

value, Ffor high field strengths, such as 100 kV/cm

t = kE ",
S

where n < 1.5 ,
Thus, a field of 465 kV/cm yields a t, = 1 ns for a sample 0.1 mm thick,
This field can be related to an equivalent pressure using

P = 2d + EX
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polarization

stress

piezoelectric strain constant
electric field

dielectric susceptibility,
By setting
ld = EX

the stress that changes P by an amount equal to the

change from € = 465 kV/cm can be found. For BaTiO3,
|0—S cm/statvolr,

(e=1)/4n ~ 2000/47,

465 kv/cm = 1,55 kstatvolt/cm,

l.SSxIO3 statvolt/cin * 2x103/hn
107

cm/statvolt

= 20 kbar.

1
= 2x10 dxnes

cm

R
Ol SR L Ry TP

- .
Ay b

From this result, it is concluded that switching times of ~1 ns are

possitle with chemical explosives Jsing thin films of ~l mm thickness.
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This -ime, however, Is not the total switching time. [t must
in.luge the time required for the depolarizing shock front to transverse
the naterial. Assuming explosive films on either side of a thin plate

of BaTiOa. time tp required to shock the whole BaTiO3 plate is

D = thickness

s = shuck velocity,

Taking VS to be approximateily 3 x |0S cm/sec and requiring tp tc be 1 ns

6 x 10 em,

A film of this thickness wili te traversed by the depolarizing shock

in 1 ns or less depending on shock velocity. Since the overpressure will result

N
i
§
3
3
N
i
3

-

oLl

in the individual domains of the BaTiO3 Jepolarizing in less than 1 ns, the

total time to depolarize a film of this ‘hickness is on the ordec of 1 ns.

Simultaneity

The means by which simultaneity in firing the ferroelectric device
may be achieved Is based on a suggestion by W. Quinn., The explosive
surrounding a single film of ferroelectric would be tapered so that the
path length difference from the igniting conductor to the ferroelectric
would exactly compensate for the time it takes the current to flow across

the conductor. This can be illustrated 1s follows:
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Shock Frunt

The amount of taper given by .\ s sciected 50

< is the shock velocity and ¢ is the conduction

is just the velocity of 1

L =25 ¢m, ¢, =

then

5+ 2.5 x 10"

(The choice of L = 25 cm

the dimensions of a cube containing the required amount of ferroelectric

material and explosives,)

ight in the media,

cm,

that

0.3 em/usec and ¢ = 3 x IOIO cm/sec,

is shown in the next section to correspond to
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Coupling of the Ferroelectric Device to an Antenna

(1} Capacitive Analysis

The ferroelectric device requires a volume of at least
0.5 x IO“ cm3 of BaTlO3 and the thickness of the BaTlO3 must be no greater

than 6 x lo-h cm. A "sandwich'' type arrangement satisfies this requirement,

Typically, it would have the following structure

Conductor for
]f "firing'' explosive

Explosive

b ¢ ¢ ( BaTi0, /
ra -

“xplosive

Conductor for
output of charge

The thickness U of the complete sandwich ~ould be approximately three

times d, the thickness of a BaTIO3 layer. Hence the total storage
4

voiume would be 1.5x10 cm3. This could ve obtained from a cuve with

. . . - .
side L = 25 cm., Assuming tnat d = 6x10 ~ cm, this cuve would represent

a stack of n capacitors where

0.25m . b
T.Bx10-° b.5»70

ao b
D
and the capacitance of a single layer wou d be

2 3 .
Ae (.25 m)© 2x107 ¢, _ b
=== 165 4 = |,85x1¢  farads,

o
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{f the individual layer: were connected in parallel to feed an
would be

[ERTOP LS

antenna via a transmission line, thc total capacitance Ctotal

ctotal = nC

cooaeet e s T wete

~ 2,9 farads.

The time behavior of a current discharging from A capacitor into

a resistive load (equal to the impedance of the transmission line which

must be matched to the antenna impedance) is

o T a3 Bt

e-t/RC
o]

v o i s

For the currert to fall to e in 1072 sec with a C = 2.8 farads, R would

be given by

10

: R 4x 10~ ohms,

LI, Liiem (e sl o s b

L This is clearly not feasible.

Even if each layer were to drive an individual antenna the

resistance would have to be

B R e L0

. R = 5 x 108 ohms .

This is stili too low to be practicable.

Transmission Line Analysis

(2)

The ferroelectric system treated as a capacitive problem

W. Quinn proposed that it

was shown to have an unacceptable decay time.

be configured so that it could be treated as a transmission line.

L11=43
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Assuming this to be the case and that the system is appropriately impedance
matched Lo an antenna so that no losses result at this juncture, the losses
within the line can be calculated.

(8)
At 1 GHz,Fatuzzo and Merz show that the loss tangent, tani,

for BaTi\)3 is approximately % for a temperature 7 = 160°C which is well
above the Curie point., 1t will be assumed that an equivalent point can be
reached using explcsives; a reasonable assumption based on the prior
results where an overpressure obtained with explosives dropped the

Curie point to room temperature or below. Then the loss tangent would

again be—vé-. This implies that

nw o &

=
where €' is the real part of the dielectric constant and €' the imaginary
part,

Since k is defined as

k = JGE w

Lhe wave number ¢an be written as

- .

K =J’€‘l‘ + iE“ vu w
Jivire feru w

(1 +i712) &,

[

He

vihere
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The wave train behaves as

[P B
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the negative exponent is evaluated to be

ko /12 -201;;12

}
188

Thus, the trailing edge of the wave train is down in amplitude by a factor of
~200 from that of the leading edge. Examining the behavior of the loss
tangent shows that little can be gained by going to higher temperatures or
equivalent pressures(e).
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L.,  MOVING MIRROR APPROACHES

a. introduction

Generally speaking, a moving mirror approach toward a high fre-
quency, high energy output device can be treated Iin one of two ways. First,
it can be viewed as a doppler shifting device. Second, it can be treated
as the moving boundary of a cavity. In each case the moving mirror fre-
quency shifts the EM waves and transfers enerqgy to them. The energy trans-
fer comes about from the work done by the moving mirror against the radi-

ation pressure of the EM wave.

The feasibility of the moving mirror concept to act as a fre-
quency transformer will now be examined. The highest cutput frequency
from a chemical generator that employs some kind of peaking circuit is no
more than } MHz. This will be the input to a moving mirror system that

must supply an output at | GHz., A frequency upshift of 1000 is then

required.

b. Single Reflection

The simplest approach Is ''to bounce' the 1 MHz signal off a moving

mirror once. The doppler shifted frequercy is given by

' [0} ( v)
w —— ] - =
Ji-v2/c? ¢
for an incident beam normal to the reflecting surface.

For w' = 1000 w

v 2 ,999999c.
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It is

This velocity is unobtainable using chemical explosives.

Bt

possible to achieve this velocity with a plasma that is electrically accel-

However, the apparatus would be very large, on the order of a large

erated.
particle accelerator since the velocity required implies an energy of 256 MeV 3

RO

for each electron in the plasma.

Additional problems are imposed by the electron density required

for the plasma to *~ ~flective. The incident electromagnetic radiation

: frequency must be .ess than the characteristic plasma frequency for the B
Lo (1)
The plasma frequency is given by

radiation to be reflected by the plasma.

the electron density

is the electron charge

3 o

the electron mass
the dielectric constant of spacea.

Taking w = wp = 27 x ]09 then

3

- 10
n_ =10 electrons/cm”.

This density is far in excess of what even large accelerators are

designed to handle,

Multiple Reflections

The above considerations demonstrate that multiple reflections must

used, In order to use this approach a cavity must be emplayed, otherwise

the multiple reflections would invariably lead to excessive losses.

The reflected beam would escape from between the two boundaries needed

for multigle reflections unless the boundaries were perfectly flat and

the incident waves were exactly normal to the boundary,

=47
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The cavity would require a switchable inlet and outlet port tn

adnit radiation at | MHz and output it at | GHz, It will be assumed
that perfectly switchable ports are available. The problems assocliated

with the cavity are twofold, First iy losses. Second is slize, The

size problem is, in fact, an insurmountable one. For the cavity to

absorb energy at | MHz that will subsequently be frequency upshifted

by the moving boundary, it must be "cut' tu resonate at | MH2, For a

cylindrical cavity, this implies for the lowest possible mode of excltation,

the length L is # 200 meters and the radius a > BB meters, This has

been derived as follows:

For a cylindrical cavity, as shown

has a frequency

the lowest TM mode, TMOlO’

C
W 0 = 20“05 ;

0l

a=115m @ | MHz.

For the lowest TE mode, TElll' the resonance frequency is

c a2 172
= 1,841 3 1+ 2,912 :? .

“in

1f L = 2.03 a then “I = “o10 and

a%100m, L #200m@ | MHz,
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C
w”‘ = |.8"| ;

a = B8 meters,

Setting this problem of size aside there are still other problems

connected with the use of such cylinders,

(1) Chemically Compressed Cylinder

The velocity associated with a chemical explosion is nn

better than ~ .3 - .5 cm/u.sec. The time tc compress the cylinder
axially would be ~40-70 msec. Alternately, the cylinder could be compressed

radially. The time required would be > 18 msec.

The attenuation occurring within these times can be roughly

i ; calculated. Assume that the cavity is excited with the TMOIO mode. The @
! for this mode, with the cavity uncompressed, so0 thatw % 27 x 106, is ()

{é E e a ( C

if L =a,

The energy behaves in time (ignoring the frequency shift) as

. '
i miia i Bt Y

ult) =u e —':ot/Q .
Q

g e DL L

For a time of 20 msec, corresponding to the compression time,

:'l'
;
» { U(20 ms) =y e 2
X ‘ o .
3 ; .
§ : Initially then, based on the { for the uncompressed cavity, the loss is
3 . s
bt small. However, the loss during the last stages of compression must also be g
-

examined.
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for the compressed cavily

Q = 3 x |03

since L = 1000a and 6 = w /2.

Then for a characteristic time during which this configuration holds,

taken to be 1 ms, and with w2 x !09

3

U 1 ms) = er.'3 x 10

This represents an excessive loss.
(2) Plasma ''Tuned" Cylinder

Another way of moving a boundary of the cavity is with a
moving, reflective plasma. This method will not work with a plasma acting
as a moving "plug" traveling down the axis of the cylinder. The reason

is quite simple, The plasma will be quenched wherever it comes in contace

with the cylinder wall.

Wiat will work is to confine the plasma to a small region
ol the cylinder using an externally applied axial B-field to compress a
clasma produced in the tube prior to energy beiny admitled. Once th=
cavity is fully excited, the axial B-field is collapsed allowing the

plasma Lo expend and retune the cylinder. This mothod avoids querching

by the «ails but suifers from other problems. One problem is that the

cavity would have to be approximatzly as large as before. Ancther problem
is that radial compressions of only a fector of 30 or so are achieveable
with tke plasma densities needed to keep the plasma refleciive at the

(12)

frequencies contemolated

Finally, the energy used to compress the plasmo must be

significantly greater than the energy represented by the admitted EM wave.
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be restr.cted by Lhe pressure of the EM wave,

T Cihersive expansion will
3 Th.- implies that far more energy must be expended on comprussion than

£ on generating the 1 MHz €M wave wl'ich already represents a large amount

of energy.

PLASMA OSCILLATIONS

Another approach using plasmas is to excite the plasma into
The plasma could then be

oscillation with an incident EM field,

. compressed by an externally applicd B-field in a fashion similar to
The magnetic field at large

) that discussed in the previous section.
jiven by

x compared to the plasma size is

222 2
2 2 ° 3 -» e N -

e x4 ; /2L + - Ju_ L /Be
o Tl Gremd(wey EHN gt -0

. ‘ B = O
P 32 mCw X

where

frequency of emi.sion

Jawc/c

D2 .
/L = S0uUrce size

>
& = . “x
‘o (1+y-X)e

2 = KT/ano uz is the Debye length

= Plasma frequercy

= Electran density

L I PR PR

Gives a measur< of the deviation from spherical

symmetry in tl. oscillation,

Since ... goes as n the compression increases n, and hence increases the frequency

During compression the plasma will lose energy through

o P
"

: of emission, ch.

-5t
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radiation. Onty if compression is sufficientiy fast willéfbfficlent
energy remain for the desired output, A

Angther problem is the size, In order fur
appreciablgé it must have

wcL:C

SO

= 10 cm at | GHz

1/2 : '

Since W is proportionai tu Ny s the <ensity no' at | MHZ required for

appreciable radiation is
N 6
]
n' = no/IO

where o is taken to be the density at | GHz for appreciable radiations

Since L is proportional to r'ao-l/2

3 . = 100 m

L' = 10
where L' Is the length at | MHz for appreciable radiation and L is the
length at | GHz for appreciable radiaticn. Again the size is excessive,

A caveat is appropriate, The equation for the radiation field is
derived assuming that the “ractional energy laoss of a radlating electron
is negligible over the time of interest. Ffurther, the treatment used to

derive the 8 field assumes small perturbations.
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b. CAPACITIVE DISCHARGE APPROACH

The system considered has the —onfiguration illustrated below

The first capacitor CI is charged vhile Sl is closed and 5, is open. Upon

2

completion of charging, Sl opens ard next S2 closes. This results in

charge flowing to the second capacitor C2 whose capacitance equals C].

It seems clear that & state will be reached in which charge will be
equally distributed on both capacitors. This will result in a net loss in
capacitively stored energy. The erergy capaclitively stored by c' before

S, closad was
r'4

Q 2f.

)=

U =
(o)
Atter 52 closes
| \ 2 1 Pa =| 2
s p Q) 20 0y g iy, 12T 0, R QT e

If this state were one of equilibrium and there ware nc ohmic losses,
radiation would account for the en:rgy loss However, it will now be
shown that this is not an equilibrium system and that the system does

not radiate.

The system must obey Kirchoff's voltage law and, in order to satisfy
this condition, the self inductance of the wire connecting the two
capacitors must be included. Then the differential equation describing the

circuit's behavior is
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(2q - QO) +3 Cdl/dr = 0
subject to the inicial conditions *hat at t = 0
Q=4Q, and 1 =20,
Tae differential equation can be w'itten as
21 + 2 ¢ di17de? - 0
with the solution

| = Io Sin wt

o
;
3l
3
1
:
g
3

where w = (/¢ c)‘/z.
At t = 0 the differential equatic. yields




s o

T O R

’ e A RN T
e et i it e, L0 DT T

ad

L

L -
pprearey)

R

iR\ 4y

PRSI

S o RSB T

AL t = ty Q= Qo/2 so that d1/dt = Q wihich implies | = 'o'

The magnetic field associated with this current is B = |o

associated with this field i

S

and the energy

This accounts for all the eneryy and, as a result, radiation does not occur.

This analysis holds with complete rigor provided the circuit is small

compared to a wavelength.

If, however, the loop were on the order of a

wavelength, then a radiation resistance would have to be added. The

system would then act like a circular loop antenna and radiate weakly.

By the principle of complementarity, a similar system consisting of

inductors rather than capacitors will have the initial stored energy

distributed inductively and capacitively after switching and all of the

energy will be accounted for in thi< fashion so that radiation does not

occur.,

7. SYNLHROTRON RADIATION

Electrons are i: jected into a -olenoid perpendicular to an axial

magnetic field within the solenoid.

The electrons are required to have an

oruital radius less than the radiu- of the solenoid and an angular

frequency w = 21 x IO9 so that what radiation results will be at | GHz.

. . . 2
As~ume that the magnetic field can ittain a strength of 10 webers/mz

{ = 1 MC), then

o«

- = .‘LE =
|

3

o

and from this, noting tha»(—g-)::
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n
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e
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This is an extremely high velocity. To see just how high, consider

the energy the electron must acquire to reach this velocity.
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= |,42 BeV,

This velocity is obtainable only with large particle acceleration making this

b, s w5 1n Pl o ¥ e e e

\ approach impractical.
It should be noted that a more sophisticated approach has been tried at = e
i Cornell University and at the Naval Research Laboratory. A rippled magnetic : j?
E field is used into which an intense, mildly relativistic electron beam is : L
i injected. V., L. Granastein, et. al.(13) have reported obtaining 25 MW of ;

coherent synchratron radiation from a 500 keV, 15 kA, 50 ns electron beam with

an approximately 10 percent magnetic field ripple (AB/BO).

in a private conversation, that the microwave

Or. Granastein indicated,

:5 .

k. : . L .

5 . enerygy is primarily obtained from the kinetic energy of the beam. The rippled

3

1 ) field configuratior results in high frequency cyclotron oscillations that

B x convert the energy of motion into microwave radiation at ~ 8 GHz., It "

appears that a stronger B field as obtainable from chemical generators would

serve only to increase the frequency of operation and not to significantly
This point is not yet well established and it is possible

increase the output,
that higher outputs might be obtained with the multimegagauss fields obtainable

by chemical means.

8. BRILLOUIN AND RAMAN SCATTERING(ly’ 15)

Both Brillouin and Raman scattering result from an EM wave being scattered
The

by an interaction with a vibrational mode of a material medium,
scattered wave is frequency shifted by an amcunt corresponding to that of

S F LAY £ ST T

SRPESURANIEER I ML) v Scuiig)



the vibrational mode from which the scatte-ing takes place, Raman scatter-

system white Brillouin scattering

: «ng involves the optical modes of the
Ei (her approacii CaTTTSmmi-—te 4 variation

involves the acoustic modus,

on the moving mirror theme,

Raman <cattering is not practical as the energy of the incident EM

wave must correspond Lo frequencies in the visible or near infrared to be

able to interact with the optical modes.

.ince the acoustic velocity of
While

Brillouin scattering is impractical

modes that can in practice be excited in « material are so low.

o idlirm s s

higher velocityv modes exist and, if excitrd, could interact with the

incident EM wave, the interaction would bc extremely weak unless these
The strong excitation of these high frequency

modes are strongly excited.

modes rannct be achieved in practice.

L i as 7

CANDIDATE RANKINGS

»

o M anediitodrhos . g

The devices studied can be divided i1to three categories:

(1) Those that don't work or are hianly impractical:

{a) Slotted B, in general any E-field device using

closing switches.

e IR 75 i it % L

Movino mirrors,

Raman and Brillouin Scattering,

(d) Synchrotron Radiacion,

Capacitive Discharge Approa h,

(e)

Those that are barely workable w th major design requirement

changes:
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(a) Compressed Cavity All of these approaches falled because
of size. If size is reduced by 100 fold
(b) Cavity with Expandina then device would be ~1 meter in extent.
Plasma Faster compression times and much lower

(¢) Plasma 0scillations losses would result,

Those that might be workanle with or without minor design

requirement changes:

(a} Frozen E.
(b) Ferroelectric Device.

(c) Axial B, in general uny B device using opening switches.

This last group represents the devices selected for In-depth study.
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MODIFIED Di :IGN REQUIREMENTS

BREAKDQWN CONSIDERATIONS

General Discussion

In the generation o a sj-irk, there is a formative period during

which an initial electron, accelernted by the aoplied field, produces an

electron avalanche that grows expor:ntially to IO8 electrons, reaching a

critical size. This period is refcrred to as the formative time, te.
After this time, streamers are raoi lly formed in a time period 1/10 or less

(16)

limited by the external impedance, the streamer will represent typically

1012 to lO‘u electrons. A more detiiled treatment of these features is

given in Aopendix B, titled SPARK [\P TIiME BEHAVIOR AND |TS MODEL!ING.

of the formative time In qap., where the final current qrowth is

This behavior is for '"sta'ic¢' fields; however, it will be valid
for the square wave varying field (> nsidered here if the period of the field
does not approach the transit time ty of electrons between collisions with

gas molecules. Considering only thermal motion at room temperature and one

(7

atmosphere pressure, to is given by

_f.2m \i/2.
kT ’
where

Boltzmann constant

Mass of electron

Room temperature = )0° K

Mean free path of th: electron =3 ‘IO-7 m.

1v-1
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Evaluating o it is found that

ly = 3.6 x IO-‘Z sec

Hence, our use of the '"'static field'" behasiaor i+ val'd for the frequencies
qQ

of interest.

b. Inside the Frozen E- and B-Devi:es

In the analysis of the possible devices in Section 11l it was

h assumed that breakdown must be avoided at any point thal the pulse

E transver<ed. A free electron accelerated by the pulse's field could

generate an avalanche of critical size in the formative period, but then i

% the pulse must have left the region so thit streamers would riot be formed.

This criterion can be stated as: the fornative time, Les should not be less

; than the pulse duration, t This ins:ures that streamers will not .

i p.do.
: form,

The formation of streamers with n a device such ac the frozen

E-field device, would quickly short it ou'. With streamer velocities as

high as ¢/10 and plate separations of ~! um, the time it would take wauld e

o be ~1/3 ns., The criterion was applied ne.ir the reflecting end of the

device where the field strength was a max mum for § ns to abtain a maximum g

3 allowed field strength. Ucing a pulse wi h this field strength, a streamer 3

] would be just ready to form as the pulse «ft this region sn that a short B -

woul:l not be formed. However, as can be cen from the breakdown formatlive

time curves for SF6 at 100 atmospheres(u , a negligible increase (<10 percent) i

in the field strength can halve the forma ive time. In which case, the . B

TR i

short would be established before the pul e left the region at the

-~

9 reflecting end of the device and approxir.tely the last half of the pulse : ;:

E would be seriously degraded. Hac the dev ce been air filled at 1 atmosphere, :

é the electric fleld need only be increased ~20 percent to halve the formative —
';; : time. Thus, the criterion that the pulsc duyration be equal to the formative

V-2



time, yields a field strength that ' quite close to the actual maximum

allowable field strength. It is a nhysically valid criterion inside the

L et

interc-t,

device for the conditions of

c. Qutside Any Device

R R T o T

PR S A DO L L A

Outside a device. the same criterion can be derived using a

different argument. |If the pulse duration is 1.1 times as long as the : ':

it

e

formative time, then streamers will be well formed. The antenna emitting # IQ_

Al

the field will be large, on the order of a meter across. It will be

assumed that the electric field is uniform across a cross sectional area

of this size. Then the streamers cstablished within this region will grow

across dimensions of a meter before leaving the field and quenching,

4 : Hence, the number of electrons witl-in a streamer should be at least equal

or greater than those found with relatlvely small gaps (-1 cm), namely lO'2

4 .
to 10‘ electrons. |t will be assumed then that each streamer has

to 1.1 tee White this is

only an approximation, note that if the time were increased to 1.2 tf,

developed to IO‘“ electrons in the time equal

§ recalling that the streamer started at te and has grown twice as long at

1.2 tf as at 1.1 tf, the number of electrons quoted can be easily exceeded

since the growth rate of a streamer i3 so fast.

At an altlitude of 20 kilcneters, there are approximately 2-3 i
-
electrons/cm)(la), As a pulse with tp 4 1.1 te sweeps through a 1 cm3
b 14

volume at 20 km, there will be 2-3 -treamers established with 2 x 10 to

14 . . . i
3 x 10" electrons. Nitrogen predominates over oxygen in the atmosphere %

v

I P O e eSS P YE PR RIET VUL

and is more readily ionized. The first ionization potential is 7.61 eV =

18

g : 1.22 x 10~ joules. Hence, the a ount of energy u, required tc generate

is no les: than

in |} cm3

these streamers

u-= (% x 10]“ electrons/cm3) (1.22 X 10-18 joules/electron)

)
= 2.44 x 107" joules/cw3.

1v-3



From Fligure 2 of Reference(4), the electric field strength, E, with ty =

9 ns (since t
20 km) is

0.d = 10 ns = 1.1 tf) at 1/10 atmosphere (pressure at

5

£ = 9,000 volts/em = 9 x 107 V/m .

The total energy flux, EF, of a pulse with this field strength across 4

-
1 cm® area is

2 +1/2 Hz] ct
o]

[|/2 e E
o

£ E2 ct
o
2.15 x 10_3 joules/cmz.

Ignoring the reduction in field strength due to loss, in less
than 10 cm of travel, this energy wiil have been totally dissipated in
generating streamers. Taking account of the losses, it can be seen that the
field strength will be reduced to about the field given by the criterion
that tp.d. = te so that streamers are not formed and little energy is lost
to ionization processes.

At lower altitudes, such as 5 ka, Flgure 3,2-1 of Reference(i8)
can be extrapolated to glve ~1/2 electron/cm3. The energy requlired to

generate streamers in | crn3 Is then no less than

u = 0.61 x 10’“ Joules/cm3.

The air pressure at this alctitude is ~1/2 atmosphere and the field strength

with tf = 9 ns at this pressure is

= 27,400 v/em = 2.74 x l()6 v/ .
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The total energy filux, EF, of a pulse with this field strength across a

2 .
cm  area is

E2

EF = & ct
0

= 1.99 x 10-2 joules/cmz.

Then the path leagth, PL,over which this energy is dlssipated,

ignoring loss,

3.26 x 102 em.

Even at this lower altitude, then, the field strength will be reduced to

fj' nearly that given by the criterion tp 4. = te

This result will break down at altitudes very close to sea

level since the number cf free electrons becomes very small. Hence, the : X

criterion that the field strength not exceed that given by tp 4. =t will

be assumed for altitudes of 5 km or greater. The S km figure itself s : -

dependent on the accuracy of the extrapolation and should be considered

K : only a rough guide, Below this altitude, Refarence (19) should be con-

sulted in order to determine the attenuation of the pulse.

ANTENNA S1ZE AND POWER CAPABILITIES

Taking a | m2 antenna aperture to be the larges: 3llowable,

the amount of power radiated from this size aperture can be found at an

altitude of 5 kri. Since the maximun field that can be transmitted over

k:
3 . appreciable distances is that which obeys the criterion Lp 4. = Tey the field Ey
) strength is




E = 2,66 x \06 v/m,

The total energy transmitted is then

U = 187 joules

power, P, is

sO that the

= U/tp.d'

10

1.87 x 10~ watts.

For a square wave pulse, "alf of this power, 0.94 x IOlo watts, is at | GHz.

At higher altitudes, the field strength drops, so that even less power is

transmitted.

MODIFIED DESIGN REQUIREMENTS

For altitudes greater than -5 km, thc amount of power that can be

"
effectively radiated from a | m“ aperture at | GHz is approximately 1/100
for. Since the device(s) should

! or less than the design requirements call

be expected to be able to operatc over a .ride altitude range, a reduced

3 pownr requirement of 10 0 watts at 1 GHz maximum will be used.

The reduction in energy content implied by the reduced power, it

should be noted, can be offset somewhat by using more elements in a device

2, .
QLS b O Ve 87 i i S i

so that a longer wave  train is generated. While the wave train will have

a larger Lp.d. so that te is larger and (he maximum E-field allowed is
% lower, the recuction in field strength is more than offset by the increased ‘ 3
)2 pulse duration. However, this cannot be carried too far or else 4

synchron:zation problems set in.
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Increasing the frequency of o,cration will not increase the power
that can be transmitted from a fixed size aperture over the freguency range
of interest, There is a point that can be found on iguie 2 ol Relerence

(4) where a decrease in ty and hence t is jusl oltset by an increase

in EZ. This point has been found to bz.g; Ptf = .38 & 10_; w Hg sec, At
one-half atmosphere this corresponds to tf = |0-IO seconds which implies
that for a 10 cycle wave train, the frequency is 100 GHz, Above this point,
the aperture can be made smaller and still transmit the same amount of
energy in a 10 ¢, le wave train, Below this frequency, the aperture must

get larger.
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SECTION V

IN-DEPTH ANALYSIS

1. FROZEN E~FIELD DEVICE

a. Assumptions

In addition to the assumption of 8 | m diameter aperture with

} GHz and 10 cycle operatiaon, the following assumptions will be made:

(1) Laser triggered switching using very high power UV laser
will yield the required subnanosecond switching times and

jitter needed for useful output.

Uniform fields between gaps obtained with Rogowski gap

configuration.

Device overvolted to field strength that will yield propa-
gating pulse with amplitude equal to that set by the breakdown
avoidante limitation,

(L) SF6 between gaps at 100 atmospheres.

(s) d= 20 =1 cm for nearly uniform field throughout device.

b. Admissibility of a | cm Gap

The limit to how large the device can be made in terms of D Is

set by how large a d can be switched within the required times, 2 gap

{3)

of | cm according to an AFWL paper '°’ has been switched with as little

as 0,1 ns jitter and a delay time of 4.5 ns.




While the closure time (time from bridged gap to complete voltage collapse)
is not guaranteed to be below 0.25 ns and the gas used was Ar-N at ~ 4

atms instead of the SF6 at 100 atms contemplated, this gap separation
appears to be about the upper limit in spacing that may be feasible

when a high power UV laser Is employed to fire an overvolted gap.

Further discussion of this question is presented in Appendix C.

c. Internal Electric Field Strength

For a 5 ns breakdown lag time, the E/p value can be found from
Figure 2 of Reference (4) to be

E/p = I02.

Since p is assumed to be 7.6 x IO“ mm Hg

3 8

Ew 7.6 x10 V/em = 7.6 x 107 V/m,

!
i
o
!
F
3
3
§

d. Device Size as Required by Switch Closure Times

o)

As seen in Appendix B, SPARK GAP TIME BEHAVIOR AND ITS MODELING,
the final time behavior of the spark gap switch is governed by its i(nduc~
tance, The breakdown lag time represents a period prior to the actual
switch closure since very small currents are involved and often the gap
is not even bridged, The period following this, from the time of critical
current formation to where the external circuit determines current flow,
can be divided into two parts. First, is the establishment of streamers
or canals that bridge the gap quite quickly., This time is extremely short,
at least 10 times shorter than the lag time, Second, is the growth of
the canal which is limited by its own inductance,
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1t will be assumed that the formation of the streamers does
ngt constitute part of the closure time. The timé for switch closure is
thus assumed to be the time from when the canal has bridged the gap to
when it is "fully' formed. Using a 10 percent to 90 percent criterion
and assuming the growth to be limited only by the switch's inductance and

the external circuit impedance, Z, the risetime,tr is given by

= 2.2 L/2
using the fact that the current grows as

_ e-t/(.r/z).

The risetime, (., must be no greatcr than 1/b4 cycle of the

| GHz output for reasonably coherent output, This implies
27 VA Z oK,
The inductance of the canal has been shown in Appendix B *o go as
r=2d(cm) an W_/W,
where W_ is the electron drift velocity and w+ is the ion drift velocity,

20
erellyn-Jones( )states that w_/w+ = 102. Thus,

Z=9,2 d{cm) nH.
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Using this result, it is easy to see that

cm ' ) ) : ,

d = .0124 Z I

The external clfcuit impedance, Z, is that of the transmission.

-1ine formed by the device-and is given by

-‘z=377(%>9

where W is the width of the device,

Thus
d ~ 20 = ,0124 (377)(D/W) cm
é and

W ox 2.4 cm,

o e WA BT 2o et e 10

€. Epergy Storage Capabilities

The device dimensions are required to be

(1) L=15¢cm
(2) 0= 1/2cm
(3) W= 2.4 cm

by fregquency of operation, energy maximization, and switching times, The
maximum E~field throughout the device is determined by the gas used, the
pressure, and the requirement that breakdown be avoided while the pulse

is exiting the device. The field was found to be
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£ a 7.6nx IO8 v/m

when SF, at 100 atms is used.

6

The energy stored is then given by

c g2
5 1°E (10 LDw)

A dh hn a1 bebe o s e e

2 . 2.4 %1079

(8.85 x 10712 (7.6 x 105210 + 1.5 x 107"+ 0.5 x 107

460 jouies,

P b b b

for a | m diameter aperture, the design requirements were
modified to require only 100 joules at | GHz, Since only half the stored
energy goes into the 1 GHz fundamental of the square wave pulse, the
total energy storage requirement is 200 joules. This requirement is met
by the device. The fact that D is so small cannot be allowed to interfere
with the nearly uniform field of the gap. |If the following configuration

were used, this problem could be avoided.

9ap
17
:::::::::::::::;::::::;
Bottom Plate /l :

f. Configuration

A possible configuration for this device is

= o A b 15 et

Laser Trigger

. Bow tie antenna terminated with
™1 m" aperture
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The 45° cant is there to allow a laser Heam to nonsychronously fire the

e Rl i G 08 e

gaps with the resulting waveform entering the antenna synchronously, The
4 horn shape is used so that the electric Field strength will drop to the g
; ? value that can propagate througH air withou; breakdown, The antenna
é\ 5 also provides a means of controlling the directivity of the output

‘a § and provides an impedance match to free space, Singe €= €0 for SF6, the é
‘§ presence of this gas causes no impedanc: matching problgms. :

%: ? The entfre system must be enclosed so that it can be pressurized. ;
¥ % Thé-enclosure should alsc be made to serve as a shield to prevent electro- z
§ magnetic leakage. Further the antenna cum enclosure could be divided into :

; gastight, microwave transparent partitions, with progressively reduced f
% pressures, lessening structural requirevents. The pressure reduction ls é
3 'E possible because, as the antenna cross section>|ncre|ses, the E-fleld ' : ;%
?; ; decreases and less pressurizat!on Is required to prevent breakdown, g
. 2. ' FROZEN B-FIELD DEVICE | o o
. "~ a.. Remote Switches :
‘ & - (1) Background %
3

The output of the axial frozen 8 device into the outside

air appears as follows when a single remote switch is employed,
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Because of the large separations between half cycle square waves, an
individual half cycle square wavc can be treated as an Indivicual pulse,
The duration of this pulse for the two configurations in Section |11 was
0.5 ns and 33 ps and the maximum field strength will be greater than
that derived in the section on Modified Design Requirement, Thus,

this waveform will allow more peak power to be transmitted by the Im
diameter aperture. However, the quantity that has the most significance
is the average power.

(2) Power Output

Making use of Felsenthal and Proud's results (&) once
again, it is found that

Enax (air, 1 atm, 0,5 ns) = 95 kvV/cm

Enax (air, 1 atm, 33 ps) = 300 kV/cm,
This yields approximately 4 and 40 times the power, P , represented by 48,4,
kV/cm that is cobtained for air at 1 atmosphere with a 10 ns square wave

pulse, Howevér, this is peak power while the average power is much less.
The average power is found by multiplying by the efficiency

P(0.5ns) (%'6‘)2 P+ 5.35 X 1072
0.232 PO ’
P(33 ps) (%%%)2 Pt

5.77 PO.
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Thus, the dlz 2 | em conflguration would be superior to the frozen E-

“fleld device with respect to required antenna aperture size while the

4y, = 15 cm conflguration device would be Inferior,

Since the two remote switch configurations have already
been shown to have simllar energy storage capablilities with respect to
1 GHz output potential, the dlz = 1 cm deJice is clearly supe}Ior to the
dlz = 15 cm conflguration. Only this configuration will be treated any
further,

(3) Aperture Size and Energy Storage Requirements

While the d|2 = | cm configuration would allow more average
power to be transmitted from a | m diamater aperture than the frozen E-
field device, this would require even more stored energy and, because of
the device's small size, 1* is unlikely this energy could be stored.’
Instead, it will be assumed that the aperture is scaled down so that, at
most, 100 joules can be radiated at | GHz just as was required for the
frozen E~field device. The efficiency of 2/]5 implies that 750 joules
total energy must be stored,

{4) Device Geometry for Required Energy Storage

The maximum B-field allowed within the device will be
determined for SF6 at 100 atmospheres allowing meaningful comparison.

The maximum E-field strength was found to be

EMAX (SFG’ 100 atms, 33 ps) =1 x 109 V/m.

The maximum allowed B-field is then
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Buax = (Eo“o) Epnx

= (3.33 x 19-9)(I x 167 v/m)
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= 3,33 Vebar/mz.
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The current that must flow through a center conductor of radius a = %-cm,

i

to provide this BMAX at the surface of the qonductor. is ziven by

Sty

2na BMAX

Yo

-;-n 1072 . 2,33

) b x 10
= 0,416 x l05 amps «
This is well within the limits of a chemical generator,
The energy sfored by the device‘is given by

[ 2
1 B
i—]—J—dA o L
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where A is the ..2ss sectional area, L the length and b the radius
the outer cylinder. Requiring U = 750 joules, b is given hy
(b 'IQHU
al (s) =7
I L
by o+ 7.5 % 10%

bm % 107 (0.616)2 - 100 « 0,15

- 28.9-

Therefore

This is simply an impossibie geomdtry to achieve from a practical
standpoint.

The only way &n (g) can be reduced to where b is reasonable

is to increase | or L. However L s fixed by the fact that the central
conductor has 10 elements of length d]2 = \cm, | is fixed ath.hl6x105
amps by breakdown considerations. it must be concluded that the required

energy cannot be stored in a moderate sized device of this type.

b. Multiple Switches

1) Background

For multiple switching, the maximum output field strength
allowed by the outside air is just the same as for the frozen E=field
device, since there Is zero separation between half cycles, The device
is required to deliver 100 joules from a | m diameter aperture at 1 GHz
and, because af the square wave output, this implies a total output of
200 joules.
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Device Geometry for Required Energy Storage

In order to allow meaningful comparisons, the frq:cn 8-

(2)

- device will be assumed to contaln SF6 at 100 atmospheres,

The maximum allowed E=fleld for SF6 at 100 atmospheres s

the same as for the frozen E-flield device, namely

3 - 7.6 x 106 volts/em,

: MAX

The maximum allowed B-fleld is then

B

max = Y€o¥o EMax

OuO

R

= 3,33 x !0-9 o« 7.6 x |08 volts/m

= 0.253 Wobar/mes

3 The current that must flow through a cencer conductor of radius & = | cm,
% to provide this BNAX at the surface of the conductor, is given by

2ra BHAX

{ u

[+

_2n10°% . 0.253
by x 10-7

= |,27 x loh amps.,

This is well within the limits of a chemical generator,

W e e
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The energv stored by the device is given by

where b Is the radius of the outer cylirder, Requiring U = 200 joules for
the multiple switeh device, the outer radius is found to bhe

4
(3 o

dn « 2 % IO2

b x 1077 - (1,22 % 100 « 1.5 m

= .86,
Therefore
b= 2.36 a
= 2.36 cm.
The frozen B-~device with multiple switch:s, as stated before, has similar

storage capabilities to the frozen E-device but requires fast opening
switches that may well be impossible to <onstruct at present.
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(3) Switch Considerations
3
i L In summary, the multiple switches used with the frozen 8

»i i field device must do the following:

3

3

. . {1) Must be opening switches for radlation to occur.

; 2 (2) Time to open must be 250 ps or less for ! Gliz operation. =
: : :
3 (3) Synchronization between switches must be within 250 ps,

p The last requirement is perhaps the hardest to satisfy, At b
% present, no practical method of achieving the required synchronization appear f
1 to be available for the power levels under consideration, This statement -
% is based on a survey of availadle literature, private communications (5), >
] b and an examination of the spread in times that occur when finely machined f
; -4 ‘.
? (10 "em) contacts are explosively separated.

H : While presently unavailable, the desirability of fast opening,

§ : synchronized, mulitiple switches is quite great, Any type of wave forming ]
3 : device working at frequencies > 1 GHz can make great use of such switches. ?
E . In particular, any device using encrgy stored as the result of a quasi-static ;
é . or static current flow requires opening switches to operate efficlently (see g :
o » Sections 11 2a,(6) and 111 2.c.). L
3 tt is probable that when and if such switches can be developed

3 a whole new set of technologies ba.ed on these switches will develop, just as

3 several technologies now depend on the ability of spark gaps to provide fast

3

1 closing, highly synchronized switching.

3
3

1
. 8
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3
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(4) Possivle Configuration

A possible configuration tor the multiple switch frozen

8-field device, assuming fast enough opening switches could be constructed and
synchroniczed is

SFS € 100 atm -\\\\\

B oclv

Stub Monopole Antenna

Fast Openlngll

¥ w ’Switches &

To Chemical Generator

3.  FERROELECTRIC DEVICE

a. Attenuation Loss Solution

The main disadvantage of the ftcerroclectric doevice was the fact
that the signal from the elements is progressively attentuated as they
are located farther from the antenna, This can be rectified by scaling
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2

the size of each element to compensate for the loss and by not attempting

o i b

to use the backward traveling wave so that 20 elements must be employed,

Lo ted e
il ol i A e i eI e S5 4 O b

The device then looks as follows

RE I

AR5 .

1 Unit Across

"Bow :
Tie' :
o o o ntenna ;

20 Ferroelectric Elements

///’//,/’ Exponentially Flared

2 D b S ey o B el i
¢

i X ~ 200 Units
Across

Pt

T

AR s TR il AL

b. Coupling Problems

There is still the problem of efficiently coupling the ferro-

g electric device to the antenna which has been taken as a ''bow tie'' antenna

to keep the analysis simple, Llet the individual Ysandwiches' be connected e

in parallel as illustrated to achieve mechanical simplicity.




The impedance of an individual sandwich goes as

= //_E_-—
“sandwich .\ €

where d = separation and W = width of line element

2z

4
v

L S A A

Connected as shown in parallel, the impedance becomes

St i .
Z|—
]o

Z = ..u_
< €
: element

ETrr

where N is the number of sandwiches in an eiement {(zzme for s} clements),

et e

b

Since N is ~1000, 1 ~ 1 , /v > 30 V/Ec; and d = 6 x 107" cm, Z_Is extremely

1

{§ small, At the entrance to the antenna, the impedance can be approximated \

ii by that of a transmission line of equivalent dimensions, Taking the %*
§ separation to be equal to the height of the element and the width to be 4
A§ the same as the element, while assuming the antenna to be alr filled, yields .

d i Cantenna 'S0 ¥ ' : :;
2 : %

PR

This is ~40 N2 greater than the element impedance'and this mismatch Is so
No method other than connecting

extreme as to produce almost zero couplirg,




j each sandwich to a small individual "bow tie' antenna using a

; quarter wave scction with properly selected diclectric materials to obtaln g
;- an impedance match appears to bypass this coupling problem, The mechanical ;
difficulties of the individual antenna approach arc immensc considering
the number required fs N = 1000, g
] :
B : H
-4 N :
A3 ¢ H
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b ; :
-
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4 :
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SECTION VI

CONCLUS IONS AND RECOMMENDATIONS

CONCLUS I ONS
The conclusions drawn are:

{1) A conventional chemical generator of current design will not

produce significant | Gliz cutput by itself,

(2) Any intermediate device for frequency conversion of a

conventional chemical generator's output must use nonlinear
elements.

(3) Nonlinear devices used by themselves with a chemizal genzrator can

result in little or no significant 1 GHz output,

(k) Storage devices that:

(a) Store an appreciable fraction (~1/1000 or more) of the

chemical generators output,
(b) Use an array of resonant length elements,

(c) Employ nonlinear elcments (i.e., switches),

can theoretically convert the stored energy to an appreciable
output at |1 GHz. These devices are referred to as frozen

wave devices.
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A noncomventional generator using operating dimensions, d, such
that d divided by explosively derived veloclities, v, yields

operating times, t, on the order of | nanosecond will have a
small (~1/10) portion of the output arcuni | GHz and constitutes

another possible approach.

Not all frozen wave devices will radiate appreciable amounts of

5 “energy. For example, the boundary conditions governing the

& slotted frozen B-field device leads to a nonpropagating
component dominating the modal decomposition of the field so
that after switching negligible energy is radiated,

Breakdown limitations imposed on the radiating pulse as it

g : traverses a frozen E- or B-fleld device yield similar useful

. . storage capabilities of the frozen E- and B-field devices.

(8) Breakdown limitations on the pulse after entering the :
surrounding air limits the energy that can be radiated from a
lm2 aperture to ~ 100 joules at | GHz (200 joules total for a
square wave pulse train) for a 10 cycle pulse at altitudes of
~ 5 km and to even lesser amounts as altitude increases,

B AT O TS

Because of (8) a modification to the RADC requirements was made,.

; A power level of 10'0 watts and an energy radliated of 100 Joules,

assuming a 1m2 aperture, became the requirement for operation

above ~ 5 km,

R TSR A S

(10) Three device types were found to offer some promise of meeting

the design requirements. They were

(a) Frozen E~field device,
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(b) Axial frozen B=field device,

M A BT 4 e e

cones KIS ORI
S e A = e

- ,§. (c) Ferroelectric device (this device made use of small :
- § operating size}, g
};, g (11) The frozen E-field device, using | cm gaps, 1/2 cm plate %
#} % separation, 2.6 cm plate width insuring 1/h ns switch times, é
?; ? pressurized with SF6 at 100 atmospheres and assuming high power i
8 % W triggering of the gaps, can store and transmit 460 joules with
? g 230 joules at 1 GHz assuming no losses, Further, the low jitter é
? é times (~0.1 ns) possible with UV laser triggering would allow 4
3 ; several such devices, wihich are compact, to be operated in :
. ? parallel, resulting in much higher power levels that could be %
b } used below~.5 km, %

(12) The axial frozen B-field device could be operated in two modes,

N R R ]

) with a single remote switch or multiple in-place switches, The

- ¢ single remote switch resulted in markedly lower efficiency or

: g storage capabilities depending on design parameters in

y ; comparison to the frozen E-field device. The multiple switch E
éf % mode had comparable efficiency and storage capabilities in ?

E' : comparison with the frozen E-field device. However, both % 4
‘;‘ ; device modes require fast opening switches. For the multiple . ,g
’i ; swi.tch mode synchronization requirements exceed state-of-the- : 5
-é ; art capabilities, :

_} i (13) The ferroelectric device had a significantly lower efficiency

g i_ than the frozen E~field device because of the lossy nature of

g % the ferroelectric material, BaTi03. Coupling the device

4 P efficiently to an antenna was found to be difilcult. One

; % efficient method is to terminate each individual "film'' of ’
; é BaTiO3 with an ultrasmall bow tie antenna using a gquarter wave ;

i 3 SO X2

ERE e el




section setween them for impoedance watching at | GHz, o This represe

S a very farmidable fabeication problem,

(14) Other devices:

. Sevaral novel approaches using the output of a conventional chem- k-
R ical generator were tricd and not found promising. The problems '

- - encountered with each approach can be summarized as follows:

3 (a) Moving Mirror = Only single reflection available, needed

velocity cannot he obtained chemically. For plasma 'mirror!

A%

very large particle accelerator needed,

(b) Compressed Cavity - Too large for nominal 1 MHz initial

¥ input (~100m), Chemical compression times too long In that
E ; losses become excessive.
;' § (¢) Cavity with Expanding Plasma - Too large, compression ratio §
f i available not large enough., Faster operation than compressed
! cavity with less losses,

) _ (d) Plasma Oscillation - Too large.

(e) Raman & Briliouin Scattering.- Can't excite high enough

modes strongly enough to provide useful coupling.

(f) Sychrotron Radiation - Most sophisticated approach is

o
-

E stil1l over four orders of magnitude too low in terms of b
- § energy produced. llowever, there is some possibility of S
% improved performance using the miegayauss fields available
% from chemical yenerators. :
g (4) Capacitive/Inductive Discharge - Doesn't radiate. b
R 3
i 1-h ;
gl ! . N
v % B R
3 E
& 3
2 :
i
i
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2. PECOMMENDAT | ONS

oA

Recommendat ions are as follows:

(1) Further study of frozen wave devices be performed. Not all
possible configuration: have been examined. For example consider

T AT T T e

o ' the following configuration as a possible candidate for further

H
1
3
s’,
H
H
4
3
4
i
i
2
ke
X
{

study.
Switch

T T T TN T Ty Explosive

Slot / ~
\//_ Current 47 // Current

/
' Iy
[N N N

3 The outer cylinders are slotted so that «lternating azimuthal
currents can be impressed around the cylinders by an outside
source, generating small alternating axial B-fields. The

cylinders are then explosively compressed generating intense

B-fields linking the inner "pickup' coils. When d8/dt is a

ol ol Wy s

maximum and at this point the switches can be closed with

alternating currents resulting a‘ony the central conductor

[N Y PR

formed by the pickup coils. The efficiency of such a procedure

remains to be determined.

(2) Further study of novel device types. Not all the possibilities

could be examined in the time allocated.

(3) Fast acting nonlinear devices, other than spark gaps which are

A e i 590301 iy i b ol B el i il

reasonably well understood, should be studied so as to obtain a

’
b

good theoretical understanding. This will allow future

ikt

investiyators to determine their applicability in frequency &
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converting the cutput of a conventional chemical generator,
In particular, more work is needed on fabricating and under-
standing fast openiny switches.

A detailed study of power limitations impcsed by breakdown
contiderations is needed. In the work prasented In this

study, beam divergence, free clectron density fluctuations,

free electrons generated by moving aircraft, and a variety

of other complicating factors have not been considered.
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APLENDIX A c g
OVERVOLTEL ROILN L DEVICL 3
. : %

In the article (k) by P, Felsenthal and J, M, Proud the bre- .down lag

s

times for short vlectric pulses . ‘re presented. These results will be

used In this sectivn to derive, sed on a plausitle assumption, the

IR TR T X N

«mount by which the capacitive E- ield dovice can to dynamicaliv over-

volted and still be uperator swi' he. avolding self=breakdown,

A chemical generator with a peaking circuit is capable >f producing
far in excess of the breakdown ficld strength in the 1 usec of operation

in which tne current rises approrimately linearly to a maximum, This is

hased on the assumption that brea.down at these extreme voltages could
somehow be prevented and on the «1ergy output capabilities of the generator
and the E-field device energy stiurage volume., |In reaiity, breakdown will
ceeur before these field strength: are reached, However, it is possibls

to very conservatively characteri ‘e the rate of E-field change avaiiable by

a5 i b P 001 o i

dE  100E,

dt 1 0-:5:“

8
10 Eg

M o e

sec

where EB = hreakdown strength ot air at 1 atm,

The assumption that will be de for the derivatian i that one is

a.sured of reaching E(1) where E(:) > Ep without breakdown if
rStl[E(t)] +t for all t <t
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and If E(t) is a monotunically Increds o function of tiee . That is, the
system will ecach o ticld steength €4 by ot time | provided that at
any intervening time ¢, the electric field has an associated lag

time t, that added to t gives a time ¢ ater than or rqual tu o

-

Based on this assumptiun,the maximum € one is assured of reaching without

breaxdown occuring is Lmax = t(nman) wiooe

= = +
1ma‘ [i [E(l())] + to - tlo to

and tp + t_ is the minimum value t ¢ t a.wurws,  That this minimum exists
is shown by the fact that just above bruakdown ty Is relatively larac and
very rapidly diminishes with increasing field. Thys t, + tinitially drops,
while for very large t, t, Pt

The time, tos and from it, T and Emax' is found by setting

max
dit; le(0)) + o} 2ar - 0,

From ftelsenthal and Proud

K o= tn(nb/nol bn(nb/nu)‘ KE/R) = €, *+ €. t/p.
p/p-3/p) (-] :

so that d {t, + t}/dt = 0 leads to
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Thus - :

! 3

. KC, (JE/dt) o ‘

e - = é

' p[K(E7PIT2 ) i

; From this E , the electric field at t,» is found to be %

b ' 1 3
: /, Cip i B
i 2 1 X 3
e ‘[K c(dE/dt)] _aP ;
? E maximum is then glven by i _ég
i ; &
: : T%
: Emax N E(tma';() 1 ﬁ
i - ‘
! E(to + tll. ) : %
° S
tﬂ't:n ) .é :
= E(t ) +f (d€/dt) dt i
[ =E +%5t, for constant dE/dt v
g 1 o v ot &2 or constan . E
! : o :
f {t Is possible to obtain Emax/p for air from Figure 2 of Felsenthal and 3
: Proud's article by noting the following: _%,
When an increase in Eé in time At above t results in a reduction in 2 E
] lag time, t,» by an amount equal to At, the minimum in (t, + t) Is determined. i ?
E The time t corresponds to t, at this point and E/p = Eo/p' % g
g Graphically this point can be found on the E/p versus p t diagram, Assume g
g p = 760mm Hg and dE/dt = 108 EB/sac =3x 1012 V/cm-sec. Then in At = 5 ns é
have AE/p = 20 V/cm-mm. If At = 5 ns, must have apt, = 3.8 x 10'6. Requiring tha, ,%

the two conditions be met simultaneously yields, as shown below, E/p = 72V/cm=-mm,

) g e

thus Eo = 55,000 volts/cm,
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The formative time for Eo is

b x 10'6 mm sec
760mm

> 8ns,

In this time period the field has risen by EB/Z. Therefore

o i ot EE D S vy

; Emax = Eo + EB/Z ;

= 70,000 volts/cm,

i

, 2
E Since (Emax ) = 5.7, the operator switchable energy Is easily five times
3
B

greater than if the field were kept just below breakdown,

tf nitrogen were used instead of air, the formula for to is simplified
considerably since from felsenthal and Proud!s data Cl = 0, Thus E_for .
nitrogen increases as pl/z. Note too that E_ goes as (dE/c‘lt)”2 so that

a faster charging rate than assumed would yield higher ve!.as of Eo and

i T T T T 2P DT

hence a higher value for E__ ,
max
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APPENDIX B

SPARK GAP TIME BEHAVIOR AND IT6 MODELING
The electrical breakdown of a spark gap has been studied to gain a
theoretical understanding of the basic physical processes and for the
purpose of making better spark gaps, The intent here is to ou(?ine"the
basic ‘processes involved and with that understanding, construct-a model for
spark'gapé. The applied interest in spark gaps arises from the fact that
they can Se switched very quickly (under | ns) and carry large-current loads
{once breakdown is completed, a spark gap behaves much like a section of

line short circuiting the gap).
A concrete model of the physical apparatus will be used to keep the
discussion well grounded. A minimal number of”parts and a few simplifying

assumptions result in the following picture:

. Optional UV Laser or Other Source -

==
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A voltage source (in the diagram it is a battery, but it could be any

type of power supply or even an oscillating source) is used to impress
voltage Vo across the gap. For unambiguous geéults in. theoretical research,
the voltage is applied with as fast a risetime as possible. In many
practical applications, it is desirable to impress a large voltage,

greater than the breakdown voltage, across the gap. If this Is to be

done, the voltage must rise to tnis value more quickly than the breakdown

lag times encountered. Again, fast risetime is needed. it can be obtained

~with a switch, typically another spark gap, as shown -in the diagram;
‘Alternately, the voltage source could be oscillatory.with the output clipped

thusly

VO{:E

A od -~ -
Risetime

The statement that the source voltage impresses a voltage V° across
the gap depends upon the fact that virtuaily no current flows across the
gap initially. Thus, there is initially no voltage drop across the cir~

cuit's impedance z,.

1f the voltage \Io is less than some voltage, called the breakdown
voltage, VB' the gap will not break down unaided. However, a laser beam
operating in the UV, or any strong UV source or radioactive source, can
initiate breakdown even when the gaps &re below the breakdown voltage.

The preserce of a port for -admitting UV radiation is shown as an option.
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If the voltage is greater than the breakdown voltage, then breakdown
will occur whether or not UV illumination is present. Once the breakdown

S WKLAR R 17 1 LT SRR AL

process is complete, there exists a highly conducting ionized channel
between the gaps. This channel can be modeled as a plece of wire
cohnecting or shorting tha gaps,

A spark gap model constructed at this level would look 1ike

Breakdown I
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Zero risetime 15 used since no detailed understanding of the process
is avallable at this level.

Breakdown occurs because a few free electrons in the gap (prleded
by the gas or by the metal electrodes) are accelerated by the applied
voltage, strip off other electrons, and lead to an electron avalanche that
bridges the gap. This spark channel then grows to a fixed size and break-
down is completed. The initial electrons are provided by thermal energy,
cosmic rays, or by UV illumination. While this is a gross simplification,

it provides a starting point from which to expand and clarify the basic
ideas.

The electric field across the gap, not the impressed voltage Vo’
determines electron acceleration. The gaps in our diagram are assumed to
be in the Rogowski configuration so that the field Is nearly uniform
between the gaps and given by

E= Vo/d

B-4

~




P AT LR

T L

¥
#|
%
X
¥
8

S
oy
A
X i
AN
r% k

e o 2T ST A SRR R ST

| L AR 1 3 -

e ST AR

e At
-

- B s FA R 1311 e 4L v pas w—— ey
] - - e Y LT ore g e Mt FA ANy i SO MR D Lol SR R VR SRS i iR .
3 [ 3 b of bkt e el SRR =

.

-,

It is experimentally observed that the breakdown voltage Is related strongly
to the gap spacing. Paschen's law states that the breakdown potentlal.vB
is related to the product pd, whare p is the pressure, by

Vg = flpd)

Generally, for other than very low pressures where the collision frequency

is quite low, VB goes up linearly with pd, For flxed‘préssure, then, Vg
goés up ltinearly with d.

fleld strength.

Clearly this jdst malntains a constant electric
{f one Qere to try to theoretically determine the break-
down voltage for a particular configuration, a first step would be to find
the mean collision time of free electrons in the gas, then require the
energy Impaftedto the eleétron by the electric field in this time to Be
equal to the ijonization potential of a gas molecule so that an average

collision would free another electron, and, from this required fleld

strength, obtain the voltage. This would be a crude agproximation since

only a fraction of the collisions, which are statistically distributed in
energy, need to free further electrons to yleld an avalanche. Further, other
processes are Involved in producing electrons than Just direct electron-
molecular ionization. These additional processes inciude photojonlzation,
multiple collision lonization, ion-molecule collision lonization, etc.

As a result, most breakdown voltages are found experimentally and the
results extended, if need be, by Paschen's law.

if no initial electrons ére present, the_growth of the avalanche for
a system above the breakdown potential (i.e., overvolted) will show the
very statistical nature of the breakdown process in that there will be a
noticeable variation In the time it takes to reach a well developed stage
of avalanche growth. This is because there will be a spread in time from
experiment to experiment of hﬁw long It takes the nacessary initiatory elec~
trons to appear to start the avalanche process off. The Russians (16)
further claim that even if a few Initiatory electrons are present, these do

not always lead to an avalanche that goes to completion of breakdown, rather

B-5
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that the avalanche may be quenched and another started and so on until one §
goes to completion. The variation in time it takes the avalanche to become :
developed well enough to lead to complete breakdown is referred to as ;

fitter,

g:‘ .‘éJ!iﬁi‘i'": . :A’,:;-:. :‘_.,"‘4;7‘.

5L
gl

For undervolted systems without illumination, an avalanche never gets !
well developed, Actually, there Is a very small statistical probability }
that a sufficient number of free electrons will appear as the result of
stattstlcal fluctuations and that an avalancha will go to ecompletion, The
use of a UV laser can force these electrons to appear.' However, {f the
voltage is far below breakdown, even this may not insure breakdown,

f:
1%

FUT R VRTIY [Y]

e
i

For systems just below the breakdown voltage with nonuniform fields,
a steady state condition oceurs in which the space about the electrodes
gl 5. This is the result of ionization being exactly matched by recom-
bination, leaving an ionized portion of the gas about the electrodes. This

is referred to as a corona discharge. v

it e Ui ding e 80 b e i

.
fids R
A

The number of inltiatory electrons typically avallable wlthin a gap
N , 1s on the order of IO corresponding to current | =10 ‘2 A. Under
the influence of the electric field, these electrons are accelerated,
col ¢ with the gas molecules present, and ionlze a portion of them,
thare. Jenerating more free electrons. This is the primary process by
which « .ctrons are generated. Secondary processes such as photoionization,
in which photons generated by collisions impact the cathode and gas molecules,
freeing a: itional electrons, also contribute,

;
}
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The primary process results in an avalanche that grows as

ax
| = | e
o

where a is the first Townsend coefficient which characterizes the primary

process current, A critical current is reached when | = I % IO—AA corre-

[T T TN

Irvern s

sponding to Nc = 109 electrons for a ratio of Nc/No of lO ( ). This can occur
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in a time less than the transit time of an electron, ter the time it takes an
electron to cross the gap (i.e., t, = d/W_ where W_ is the electron drift
velocity). At this point, the secondary processes have become appreciable
and the current growth axceeds the exponential growth rate given by ™ -
e“w-t. The period of time from the application of the voltage to when the
current reaches this critical value is called the breakdown lag time or

the delay time.

The breakdown lag time for many different gases has been experimentally
determined, along with theoretical predictions that closely match experlménts
by Felsenthal and Proud (4). Their results are graphically displayed In this
reference. Llewellyn-Jones (2) has stated that for approximately 2/3 of
the delay time (which he calls the formative delay time) the current growth
is given by a fixed exponential, after that, secondary pfocesses account
for the increased growth rate in the last third of the delay time.

When the current Has reached this critical value, breakdown has not
been completed. No appreciable drop in the voltage across the gap has
occurred, nor, in some cases, have the electrons bridged the gap. The com-
pletion of breakdown takes place from the time the critical current is
reached to when a voltage collapse commences. This time is extremely short,
according to some Russian investigators (16) at least an order of magnitude
less than the lag time. 'One proposed mechanism Is iLhat canals or streamers
are formed in which the electrons move with vastly greater W_'s to complete
the bridging of the gap or to expand the spark from a small filament to a
farge one, Llewellyn-Jones alternately argues that the coefficients, such
as o, describing the growth Increase at this point accounting for the fast
completion of the breakdown.

The various stages in the breakdown process for an overvolted system

can be graphically displayed as
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Fixed Exponential
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For a UV illuminated gap, ts. the statistical delay time that accounts for
the time it takes for initlatory electrons to appesar on & statistical basis

goes to virtually zero for a strong UV pulse.

A mode! of the behavior of an overvelted gap (ignoring tg 30 that it
can be UV illuminated or not) is glven by

4O it A4 il Rt B MR D AR 6

Exponential Growth Curve
Greater Than Actual One
That Yields Same Critical
Current at End of Formative
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In & clrcult analog model, this behavior is given by the following
* .
set of clrcuit elements

it
e

with the following sequence of events and clircult parameters:
parameters
R, = & e K{EEy(eut )
| o 1

v
where R = «2 and k = 18,4/t (provides 108 Increase in | in tf).
) 1:: f .

R t te
Rz--l-;?g[(:‘ + tf)+Tf - t]/T

xU[t - (tl +tf)JxU[(t'+tf(l +"‘-))- tJ‘\

whera N = fraction of tf breakdown completion occurs in and U is
the Heaviside function.

C = cA/d = 2neb?/d

2 = 2din(W_/,)

*It wil] be assumed that very fast switching is desired. The avalanche will
not have bridged the gap beforg the critical point is reached so that the
gap represents a capacitance at least up to this point when 52 Is closed
shunting current around C.
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£1s the inductance of a cooxlal model of the spark when the

lon fllament forms the central conductor and the electron
filament |s modeled as the outer conducting sheath, This model
s used in Reference(2))while a similar mode! is used in
Reference (22} The ! 0 resistor represents an upper limit to the

s U137 sk Mtk W

-

SRR GRS 3 b

residual resistance after breakdown is completed. This is only a
rough estimate,

(1) $, and S, open.
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(2) S‘ closes at t‘. For multiple switches Y becomes t|(n) where n
ls the switch number. With }itter present t‘(n) ¢ t'(m) In
general,

=

o A P ) N P T ¥, (0,

The current increases exponentially at a rate that ylalds the
critical current in time tf because of the exponential fall in
the resistance R]. This is insured by selecting the dacay
constant k equal to IB.‘o/tf and finding te from Reference(h)

L T Lt " FCR

or ather appropriate sources such as Reference(16) 1t is
assumed that the initial current |s that given by one electron
crossing the gap at a velocity given by the drift veloclty

W_. The capacitance C is negligible with respadt to R and
does not markedly affect the current growth,

1 UL A B Loty A VLM

(3) At time te after S] closed {i.e., t = t o+ tf), the critical
current is reached and breakdown occurs in a short time period

e zbd e gya

after, given by tf/N where N 2 10, This s modeled by closing
H S2 at t = tl + tf, putting a linearly time varying resistance
Rz,ln parallel with R‘,that eguals Ry at t =t + te and goes
to zero, shorting this segment of the circuit, in time
=ttt tf/N.

(4) Only £ and R remain to describe the spark gap. The growth of
the spark Is essentially determined by the external impedance
and the spark inductance .
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APPENDIX C

PG

LASER TRIGGERED SWITCHING H

R ST Ch )
;
o
i
i

i\ % ;
f i Laser triggered switching (LTS) has been studied at the Alr Force E
:i g Weapons Laboratory (AFWL), Kirtland Alr Force Base. In their pppor(B). ; ;
S Bettis and Guenther show that a UV laser can provide subnanosecond jitter g =
ii ? for @ 1 cm cap. The gap was filled with 90 percent Ar = 10 psrcent Nz. : ;
;. Pure SF¢ was nat used since higher laser powers would be required to S
‘T produce a large enough numbér of free electrons to initiate low jitter : QL
g. ; bregkdown, This follows from the fact that SF6 {s much more electronegative : -f
§ ! than Ar. However, using sufficient laser power, results similar for the 3

g 90 percent Ar - 10 percent N2 mixture should hold for SFS. ;

It was found that Jitter as low as ~0.1 ns with “10 MW could bs 3
obtalned with a | cm gap with 90 percent Ar - 10 percent N2 at 2925 torr _tf
and the gap at 90 percent of the breakdown potential, Under the same
condltlons the delay was found to be 4.5 ns. "

PR S

P

The delay time does not represent the switch closure time., It is the
time from the onset of the laser pulse to the onset of breakdown., The
onset of breakdown Is the time when an avalanche has reached its critical
magnitude, At this point the current has grown to *IO'3 A/cm2 from a
starting point of '102 electrons, At the onset of breakdown it has been
postulated that streamers or canals are established and the time to bridge

oy 8

= g

the gap and begin the voltage collapse occurs in a time at least one order
of magnitude smaller than the delay time according to a Russian paper(l6).
Lewellyn Jones(20)points out that the behavior of the current follows an
exponential law for about 2/3 the delay time. It then grows at an ever
faster pace completing breakdown shortly after the onset of breakdown. He
states that rather than canals or streamers being formed, the coefficients

. . . . Lo,
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representing the various ionization processes responsible for the growth no

longer remain constant and their increase accounts for the rapid completion

of breakdown,

By the completion of breakdown, Llewellyn-Jones means the time to bridge
the gap and begin the voltage collapse. Since the voltage Is just starting
to drop so that negligible energy has beenttransferred, this time can be

considered as the beginhlng of switch closure. _Switch_;losurexﬁill take-place

in a time determined by the spark inductance and the external lmpedaﬁce'hé
can be seen from the model in Appendix B. Breakdown occurs in the model when
R, + 0, leaving only the short along that path, and the inductance { and the

2
negligible 1 G resistor in the remainder of the circuit.

Thus, if the external impedance is properly matched to the spark
inductance, switch closure will oceur in the required 1/4 ns. Therefore,
the assumption that | cm SF6 filled gaps at 100 atmospheres can be switched
quickly enough and with enough synchronization becomes plausible. This is
especially so considering the fact that the high pressures will improve
matters according to the AFWL paper, if a sufficiently powerful UV laser

is empioyed.
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APPENDIX. D

FINITE BASIS AXIAL DECOMPOSITION

- The frozen field distribution and distribution of the field ejected
from a frozen field device are of finite extent. A basis consisting of

all the sinusoidal functions that go to zero at the endpoints, and beyond,
over such an lnterva} is a convenient basis.for the décomposltfon of such
functiohs. An analogous situation using this b&sis is that of a finite string
stretched between two fiked endpoints and displaced so that once released

e T

s

it will vibrate. The displaced case is exactly analogous to the frozen

field configuration while the vibrating string, looking at one traveling

P L ar T

wave making up the standing wave vibration, is exactly analogous to the

behavior of the ejected wave, .
i

s e ek,

g The requirement that the sinusoidal functions be zero at the endpoints
‘i L and beyond results in a discrete set of basis functions. A decomposition
’ of some arbitrary function within the finite interval is thus given by a-

i . sum over these sinusoidal functions rather than an integral. The term with
the lowest frequency is referred to as the fundamental or Ist harmonic.
f ; Higher terms have frequencies that are integral multiples of the funda-

mental's frequency and are referred to as harmonics (2nd, 3rd, ete.).

Another choice of basis functions that could have been employed, but

LY e o T

was not, was that of sinusoidal functions of infinite extent., They form a

continuous set of basis functions requiring an ‘integral representation of :
the decompasition. Decomposing a waveform of finite extent in this basis i

glves a frequency distribution that, for example, looks like :
Aw) :
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as opposed to the decompqsltlon In the discrete basis that looks 1ike

A("“n), »
I

.

! 3

3 ;

i :
- E. While not true sine waves, the discrete basis is much simpler to uég

g and the results arc easily visualized. For the intervals encountered in
3 § this work, the difference between the finite extent sine wave decomposition i
L and a-decomposition using true sinusoids of Infinite extent is small (i.e., ,

the fraction of the total energy In a harmonic (finite basis) is hearly the s

) : same as that at and about the equivalent peak in the frequency distribution g
: é - (infinite basis)). : . _ L _ K
: 3 : - _ . : : - 3
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